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Abstract
African Swine Fever virus (ASFV) is a large, double-stranded DNA virus which 
causes an acute haemorrhagie fever in domestie swine, but is apathogenie in its 
natural hosts, the warthog, bushpig and Ornithodoros ticks; O. moubata in Africa and 
O. erraticus in the Iberian Peninsula.
The first aim of this thesis was to investigate the capaeity of O. erraticus to act as 
vectors of ASFV and their ability to provide a reservoir of disease. This was studied 
by membrane-feeding ticks recent European ASFV isolates and monitoring the 
infection rate and viral titres recovered from ticks at different times post ingestion. 
Results have indicated differences in the ability of three European isolates’ ability to 
establish a persistent infeetion in the tick vector and provides a more comprehensive 
view into whether O. erraticus eontinue to pose a threat by aeting as reservoirs of 
ASFV.
ASFV encodes several proteins that are likely to contribute to virulence and host 
range. One of these proteins, CD2v, is similar to the T cell surface adhesion protein 
CD2. CD2v is required for the haemadsorption of swine erythrocytes to ASFV- 
infected cells and to extraeellular virus particles. To investigate the role of CD2v in 
virus replication in the tick, O. erraticus were infected with a non-haemadsorbing 
field isolate and two reeombinant isolates derived from this isolate whose 
haemadsorbing phenotype has been restored. The haemadsorbing recombinant 
isolates were found to replieate to higher titres than the non-haemadsorbing parental 
isolate. Inoculation of the non-haemadsorbing isolate across the gut wall was found 
to significantly increase viral replication within the tick. Furthermore, disruption of 
the interaetion of CD2v with its ligand on the surface of red blood reduced the viral 
titres recovered from tieks. Combined, these results suggest a novel role for CD2v in 
virus uptake across the tick gut wall.
A third objective was to establish a standard proeedure to group ASFV isolates from 
different geographical locations. Previous analysis enabled virus isolates to be placed 
in broad groups by partial sequencing of a conserved gene. In this thesis, four 
variable regions of the ASFV genome have been identified that can be used to 
differentiate between closely related isolates. This procedure facilitates the analysis of 
lineages of infection which is of importance in understanding epidemiology of the 
virus and in controlling disease.
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1.0 Introduction
1.1 African swine fever
African swine fever (ASF) is a severe haemorrhagie fever of domestic pigs which was 
first described in East Africa in 1921 (Montgomery, 1921). The symptoms of ASF 
vary depending upon the strain of the virus, although virulent isolates can cause up to 
100% mortality in infeeted pig herds. There is no treatment or vaccine available, and 
the only methods of eontrol of an outbreak are quarantine and slaughter, which result 
in a severe eeonomic impaet on affeeted countries.
In Africa, ASF is maintained in a natural transmission cyele between its natural hosts; 
warthogs (Phacochoerus aethiopicus), bushpigs {Potomochorus porcus) and soft ticks 
of the species Ornithodoros. The disease is highly adapted to these hosts, causing a 
sub-clinical persistent infection. The transmission of ASF from a sylvatic to a 
domestic cycle is most likely to occur through the feeding of infected ticks on pigs 
(Plowright et a l, 1969a). The virus can be transmitted directly between domestie pigs 
without the need for a tick vector and is therefore a risk to pig populations even in 
countries that do not contain the arthropod vector (Wilkinson et a l, 1989).
1.2 Disease
ASF disease can be categorised into the four categories, peracute, acute, subacute and 
chronic (Hess, 1981, Wardley et a l, 1983). In the peracute form of the disease, 
animals die before any obvious clinical signs exist, although upon post mortem, 
haemorrhaging may be visible. The acute form is characterised by a high fever, 
followed by the loss of appetite and the appearance of reddened or cyanotic areas and 
bloody diarrhoea. Death usually occurs between seven and ten days (Boinas et a l, 
2004, Hess, 1981, Wardley et a l, 1983). Subaeute infections vary in appearance and
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mortality. Temperature and other symptoms may vary over a period of up to twenty 
days (Hess, 1981, Wardley et a l, 1983). Abortion is sometimes the only consequence 
of infeetion (MeDaniel, 1978). Chronie infections can also vary in their presentations. 
The virus may persist for several months and ean cause a range of conditions 
including raised body temperature, pneumonia, arthritis, neerotic skin areas, joint 
swelling and skin uleers (Leitao et a l, 2001, Wardley et a l, 1983) with 
hypergammaglobulinaemia a common consequence (Leitao et a l, 2001, Pan et a l, 
1970). Post mortem may reveal haemorrhagie lesions (Wardley et a l, 1983).
In addition to haemorrhage, one of the characteristics of acute African swine fever 
virus (ASFV) infection is an intense destruction of lymphoid tissues caused by the 
widespread apoptotie death in both T and B lymphocytes. Lymphocytes are not 
infeeted by the virus (Fernandez et a l, 1992a, Fernandez et a l, 1992b, Fernandez et 
a l, 1992c, Gomezvillamandos et a l, 1995a, Perez et a l, 1994), and apoptosis is 
thought to be caused indirectly by the presence of virus in infected macrophages. 
Apoptotie lymphocytes can be observed surrounding virus-infected macrophages 
(Oura et al, 1998, Ramirolbanez et a l, 1996). Apoptosis is also seen in arteriolar and 
capillary endothelial cells. Although the virus replicates in endothelial cells in vitro 
(Vallee et a l, 2001), limited virus replication has been observed in these cells in vivo, 
and only at late stages in acute infection (Carrasco et al, 1992, Fernandez et a l, 
1992a, Fernandez et al, 1992b, Fernandez et a l, 1992e, Gomezvillamandos et a l, 
1995b). It is likely that apoptosis is induced in these endothelial cells by an indirect 
mechanism which requires virus-infected macrophages. Cells of the mononuclear 
phagocytic system produce large quantities of the cytokine tumour necrosis factor 
alpha (TNF-a) (Tracey & Cerami, 1992) in response to ASFV infection and is 
detected in areas where there is viral replication as well as in serum at the onset of
16
symptoms (del Moral et al., 1999). High levels of TNF-a are produced by pulmonary 
intravascular macrophages which show a significant activation following infection 
with ASFV (Carrasco et al., 2002).
1.3 Geographical distribution
ASF was first described in Kenya in 1921 (Montgomery, 1921), with outbreaks in 
Central, Western and Southern Africa. The spread of ASF to Lisbon in 1957 bought 
the disease to Europe, and appears to have been caused by feeding pigs with the 
infected remains of a meal served on a flight from Africa. After a second outbreak in 
Lisbon in 1960, the disease then spread to Spain (Sanchez Botija, 1982). Sub-acute 
and chronic forms of the disease became more common in Europe with outbreaks 
occurring in France, Belgium, Holland, Italy and Holland, with export to Cuba, the 
Dominican Republic, Haiti and Brazil. ASF was eradicated from Spain and Portugal 
in the mid 1990s at a large economic cost, although there was a sporadic outbreak of 
ASF in Portugal in 1999, of which the source is unknown. At present ASF is endemic 
in western and sub-Saharan Africa, Madagascar and Sardinia (Figure 1.1).
1.4 ASFV
ASFV is the etiological agent of ASF and is a large, enveloped, double-stranded DNA 
virus.
As well as infecting domestic pigs, the natural hosts of ASFV are warthogs and 
bushpigs in which the virus causes an asymptomatic infection. ASFV can also persist
- 17 -
t .
Figure 1.1 Geographic distribution of African Swine Fever.
Countries in which African Swine Fever is endemic are shown in red. Countries 
where sporadic outbreaks have occurred are shown in blue and countries from which 
ASFV has been eradicated are shown in green.
- 18-
in soft ticks of the genus Ornithodoros, and as such ASFV is the only known DNA 
arbovirus.
ASFV was originally classified in its own genus in the family Iridoviridae based upon 
its icosahedral morphology of the ASFV virion and cytoplasmic location (Salas, 
1999), but was removed from this family.
The ASFV genome is covalently closed at each end by a hairpin loop (Ortin et al., 
1979) and contains a terminal inverted repeat (Sogo et al., 1984), both features similar 
to the poxvirus genome strueture (Dixon et al, 2000, Salas, 1999). The cytoplasmic 
replication strategy of ASFV shares similarity with the Poxviridae (Costa, 1990, 
Gonzalez et a l, 1986, Sogo et a l, 1984). However, due to the difference in 
morphology to these viruses, ASFV is currently the only member of a new virus 
family the Asfarviridae (Dixon et a l, 2000).
1.5 The virus particle
ASFV virions are approximately 200nm in diameter, and consist of a DNA-containing 
nucleoid surrounded by a layer of core protein (Carrascosa et a l, 1984). The core is 
wrapped in a loose fitting external envelope derived from the endoplasmic reticulum 
(ER) cisternae, on which an outer icosahedral eapsid is assembled (Andres et a l,
1998). The icosahedral eapsid is between 170 and 190 nm (Breese & Deboer, 1966, 
Carrascosa et al, 1984, Dixon et al, 2000, Salas, 1999) and is made up of around 
2000 hexagonal eapsomers (Andres et a l, 1998, Andres et a l, 1997). Extracellular 
virions have an outer envelope gained by budding through the plasma membrane of 
infected cells (Breese & Deboer, 1966, Carrascosa et a l, 1984).
The virion has been reported to contain up to 54 polypeptides (Carrascosa et al, 1985, 
Esteves et al, 1986, Salas, 1999) including structural proteins and enzymes necessary
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for early mRNA transeription and processing. A schematic of the virus particle is 
shown in Figure 1.2. The main structural protein of ASFV, p72, makes up 32% of the 
virus particle, whilst another 25% is made up from four proteins derived from one 
polyprotein, pp220 (Andres et al., 1997).
1.6 The ASFV genome
The ASFV genome is a linear double-stranded molecule of DNA, with single stranded 
eross-links at the ends of the molecule (Ortin et al., 1979). The genome varies in size 
between 170 to 190 kbp depending upon the isolate (Dixon et al., 2000, Salas, 1999). 
A central region of 125 kbp varies in length by less than 1% between field isolates 
although the genome is highly variable in length at the left and right hand ends 
(Gonzalez et al., 1986, Sogo et al., 1984).
The genomes of several ASFV isolates have been completely sequenced. These 
include the tissue culture adapted strain of the virus, Ba71V (Yanez et al., 1995), as 
well as three South African tick isolates Warmbaths, Pretorisuskop/96/4 and Mkuzi 
1979; the virulent isolate Malawi Lil 20/1; the Namibian isolate Warthog isolated 
from a warthog; and three isolates isolated from domestie pigs, Tengani 62, Kenya 
1950 (Kutish & Rock, 2003) Benin 97/1 and a Portuguese tick isolate Our T88/3 
(Chapman et al., unpublished results).
Analysis of the Ba71v genome sequence revealed 151 open reading frames (ORFs) 
which are read from both DNA strands across the length of the genome (Yanez et a l, 
1995). A schematic diagram of the Ba71v genome is shown in Figure 1.3. The 
Ba71v genome is approximately 170 kbp in length (Yanez et a l, 1995) and has large 
deletions compared to the other field isolates sequenced, of which the largest, Kenya 
1950, is 194 kbp (Kutish & Rock, 2003).
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Figure 1.2 African Swine Fever virus morphology
(Top left) Diagram of a virion section with lipid membranes, capsid and nuclcoprotcin 
core visualized of an ASFV particle. (Top right) Thin section, (bottom left) cyro- 
scction and (bottom right) a negative contrast electron micrograph of ASFV particles. 
The arrow indicated membrane components of the virus; PM=plasma membrane. The 
bar represents 200nm. Electron micrographs were provided by Dr. Sharron Brookes 
(VLA). Diagram courtesy of Dr. Linda Dixon.
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Figure 1.3 A map of the African Swine Fever virus genome.
Genome map of the Ba71v tissue culture adapted isolate. Multi gene families arc 
shown in mid-blue and dark blue, structural proteins in red, modifying enzymes in 
pink, proteins involved in host-interactions and immune evasion arc shown in black, 
proteins involved in replication and nucleotide metabolism arc shown in light blue 
and genes encoding other proteins arc shown in orange. The orientations of the 
arrows denote the direction in which the open reading frame is read. Diagram 
provided by Dr. Gavin Bowick, adapted from Yanez ct al, 1995.
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The variations in length between ASFV isolates are mainly due to insertions and 
deletions occurring within the left and right regions of the genome within the multi 
gene families (MGFs) (Blasco et a l, 1989b, Dixon & Wilkinson, 1988). Length 
variation in the terminal ends occurs between different isolates (Blasco et a l, 1989b, 
Dixon et a l, 1993) and within isolates following tissue culture adaption (Blasco et a l, 
1989a). In addition, smaller length variations are associated with variation in the 
number of tandem repeats which are located at a number of genome positions both 
within coding regions and in intergenic regions between genes (Aguero et a l, 1990, 
Almazan et al, 1995, Blasco et a l, 1989b, Dixon et a l, 1990, Yozawa et a l, 1994). 
Elucidation of the relationships of field strains has primarily been based upon 
restriction fragment length polymorphism (RFLP) analysis through gain or loss of 
restriction enzyme sites from the virus genome (Blasco et a l, 1989b, Boinas et a l, 
2004, Dixon & Wilkinson, 1988, Sumption et a l, 1990, Wesley & Tuthill, 1984). By 
RELP analysis, ASFV isolates can be grouped into broad genotypes, with viruses 
from Europe, South America, the Caribbean and West Africa comprising the ESAC- 
WA genotype, whilst Eastern and Southern ASFV isolates are more variable. More 
reeent studies have established ASFV genotypes through the analysis of the sequence 
of a conserved genome region (Bastos et a l, 2003, Lubisi et a l, 2005) and these 
genotypes are similar to those established by RFLP analysis.
Although multiple ASFV antigenic types are known to exist (Vigario et a l, 1974), 
virus classification into discrete serological subtypes is not possible.
1.7 ASFV replication
A diagram showing the general overview of the ASFV replication cycle is shown in 
Figure 1.4. Speeifics of replication are discussed in the following sections.
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Figure 1.4 African Swine Fever virus replication cycle
A SFV binds to receptors on target cells and enters cells by receptor mediated endocytosis (1 .)• 
This is follow ed by low  pH-mediated fusion o f  the viral membrane with the 
endosom al/lysosom al membrane (2). Early protein synthesis begins in the cytoplasm  
immediately follow ing virus entry using enzym es and factors that are packaged in the virion 
(3). D N A  replication takes place mainly in the cytoplasm from about 6 hours post infection, 
although an early stage o f  D N A  replication occurs in the nucleus (4). Virus morphogenesis 
takes place in cytoplasmic factory areas and involves wrapping o f  the nucleoprotein core by a 
double membrane layer derived from the endoplasmic reticulum on which the virus capsid is 
formed (5). Late gene expression is dependent on onset o f  D N A  replication. Late m RNAs 
encode structural proteins and enzym es needed for early stages o f  next round o f  infection (6). 
Progeny viruses assemble (7) and are transported via microtubules to the cell membrane 
where they exit by budding through membrane or cell lysis (8). Diagram courtesy o f  Dr. 
Penny Kay-Jackson, Institute for Animal Health.
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1.7.1 Receptor binding
ASFV binds to saturable receptors on the surface of Vero cells and swine 
macrophages, which are present at a level of 10"^  per cell (Alcami et a l, 1989b). 
Binding and internalisation of virus can be blocked by the addition of excess inactive 
virus, indicating that binding to these receptors is required for viral cell entry (Alcami 
& Vinuela, 1991). The cellular receptor has not yet been characterised, although it 
has been shown to consist only of protein, with no lipid or glycosylated content, since 
treatment of enzymes to remove these groups did not abolish binding of the ASFV 
attachment protein p l2  to cells (Galindo et a l, 1997). CD 163 protein has been 
suggested as a possible receptor to which these proteins might bind since its 
expression on macrophage correlates with susceptibility to infection, and recombinant 
CD 163 binds to virus particles (Saanchez-Torres et a l, 2003).
The p l2  protein was identified as a virus attachment protein and shown to bind to 
sensitive Vero cells, but not to ASFV resistant cell types. Purified p l2  protein can 
inhibit ASFV binding and infectivity (Angulo et a l, 1993) and electron microscopy 
has localised this protein to the outer membrane of the virus particle, external to the 
capsid structure (Carrascosa et a l, 1993).
The ASFV proteins p54 and p30 have also been shown to be involved in attachment, 
as these purified proteins have been shown to inhibit ASFV binding in a dose 
dependent manner, and in addition antibodies to these proteins prevent virus 
attachment (Alcami et a l, 1992, Gomez-Puertas et a l, 1998).
1.7.2 Entry
ASFV entry occurs via receptor-mediated endocytosis, and is an energy and 
temperature dependent process (Alcami et al, 1989a, Geraldes & Valdeira, 1985,
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Valdeira et a l, 1998, Valdeira & Geraldes, 1985). To provide the low pH required for 
disassembly and release of virions, following endocytosis the virus envelope fuses 
with the endosome delivering the virus core particle to the cytoplasm of the host cell 
(Valdeira et a l, 1998). The virus then moves to a site next to the nucleus, most likely 
along microtubules as accumulation of virus next to the nucleus is inhibited by 
colchicines (Carvalho et a l, 1988) which inhibit microtubule assembly. An intact 
microtubule network is also required for the formation of the perinuclear virus factory 
(Alonso et al, 2001).
1.7.3 Virus gene transcription
Transcription of virus genes is independent of host cell RNA polymerase. Following 
cell entry, the transcription of immediate-early viral genes is initiated using enzymes 
and factors packaged into the viral particles. Early transcripts encode proteins, which 
include enzymes such as DNA polymerase, that are required later in the replication 
cycle. The majority of early genes are expressed throughout infection, although 
transcription of some early genes ceases when DNA synthesis begins (Carvalho & 
Rodriguespousada, 1986, Escribano & Tabares, 1987, Santaren & Vinuela, 1986). 
Intermediate gene transcription is dependent on the synthesis of viral DNA and 
decreases as late mRNA synthesis increases (Rodriguez et a l, 1996b). Late gene 
expression requires the onset of DNA synthesis.
Four classes of ASFV proteins have been identified; early proteins which cease to be 
produced once DNA synthesis has begun, early proteins which are produced for the 
entire replication cycle, intermediate proteins and late proteins which are expressed 
only after DNA synthesis has begun (Rodriguez et a l, 1996b, Salas, 1999).
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The temporal regulation of virus gene transcription is very similar to that of 
Poxviruses and fits with a cascade model of regulation in which factors required for 
transcription of each temporal class are synthesised in the previous stage of 
replication. Thus in Poxviruses, early gene transcription factors are packaged into 
virus particles for use following virus entry. Intermediate factors are synthesised 
early in infection and late factors at the intermediate stage (Vos & Stunnenberg, 1988, 
Zhang et al., 1992).
Viral mRNAs are 5’ capped and 3’ polyadenylated by virus-encoded enzymes. Virus 
promoters are generally very short sequences situated immediately upstream of 
translation initiation codons. Signals for termination of both early and late gene 
transcription consist of a sequence of at least seven T’s although ten T s  are required 
to stop all transcripts. These signals may be situated a long distance downstream from 
the translation termination codon. As a consequence, mRNAs may extend over the 
coding sequences of downstream ORFs (Rodriguez et al. 1996).
1.7.4 Virus replication
Although ASFV exhibits a predominantly cytoplasmic replication cycle, the first stage 
of virus replication occurs in the nucleus, and begins at about four hours post infection 
(HPl) (Garcia-Beato et al., 1992b). During this stage, short fragments of viral DNA 
of approximately 2 kbp are generated, which accumulate close to the nuclear 
membrane (Rojo et al., 1999). The short DNA fragments produced in the nucleus 
could be used to prime DNA synthesis in the cytoplasm. The DNA species found in 
the cytoplasm are larger, approximately 25 -  33% of the genome size, and have been 
demonstrated to be precursors to mature DNA (Rojo et a l, 1999) which may be 
ligated together to form mature, unit length viral genomes. This second stage of
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replication occurs in the cytoplasm from about 6 HPI and peaks at 10 HPl (Rojo et ah,
1999). Complete genomes are synthesised as head to head concatamers which are 
resolved to unit length genomes containing terminal cross links (Garcia-Beato et al., 
1992a, Rojo et al., 1999).
1.7.5 ASFV morphogenesis
ASFV assembles in virus factories adjacent to the nucleus, close to the microtubule 
organising centre (Heath et al., 2001). Virus factories begin to form between 6 and 8 
HPl, but increase significantly in size between 12 and 18 HPl (Brookes et al., 1996). 
Virus factories have features in common with aggresomes, which are formed in cells 
in response to mis-folded proteins (Heath et al., 2001). These common features 
include the recruitment of mitochondria to the perinuclear sites (Hemaez et al., 2006), 
their perinuclear location next to the microtubule organising centre and the 
envelopment of each structure by vimentin cages (Heath et al., 2001). Recruitment of 
vimentin into virus assembly sites occurs very early during viral infection, is 
dependent upon an intact microtubule network and occurs before viral replication and 
late gene expression. This suggests that vimentin may serve a structural role early 
during the establishment of the viral factory (Stefanovic et al., 2005). At later stages 
of infection, the vimentin cage may perform a protective role by preventing the 
diffusion of viral components into the cytoplasm (Stefanovic et al., 2005).
Assembly is initiated by the insertion of virus structural proteins into membrane 
structures thought to be derived from the endoplasmic reticulum (ER) (Andres et al., 
1998, Cobbold et al., 1996, Cobbold & Wileman, 1998, Heath et al., 2003, Rouiller et 
al., 1998). The protein p54 (encoded by the ORFs E183L of the BaTlv isolate and the 
ORF J13L of the virulent Malawi Lil20/1 isolate) is detected on these membranes and
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may play a role in assembly (Brookes et a l, 1998). The p54 protein is also involved 
in the recruitment of the ER membrane structures to the virus factory (Rodriguez et 
al., 1996a, Rodriguez et al., 2004) and a reduction in p54 expression halts virus 
assembly before the recruitment of precursor membranes to the sites of assembly 
(Rodriguez et al., 2004). ASFV is also known to interact with the dynein microtubule 
minus end directed motor complex through the structural protein p54 (Alonso et al., 
2001) and this interaction may be involved in the recruitment and retention of 
immature virions in virus factories.
The core structure of the virus particle is assembled from the major structural proteins 
p37, pl50, p34 and p l4  proteins which are the products of the proteolytic processing 
of the polyprotein precursor pp220 (Andres et al., 1997, Simonmateo et al., 1993) and 
the products of the pp62 polyprotein p32 and p i5 (Andres et al., 2002a). Processing 
of pp62 requires pp220 and the processing of both polyproteins requires the 
expression of p72 (Andres et al., 2002b). The polyprotein pp220 is essential for viral 
core assembly and envelopment, as well as for the subsequent steps of core formation, 
including DNA encapsidation and nucleoid maturation (Andres et al., 2002b).
1.7.6 Virus egress and budding
Following virion assembly, mature ASFV particles leave the factory, move through 
the cytoplasm and are eventually released from the cell by budding through the 
plasma membrane (Arzuza et al., 1992, Breese & Pan, 1978, Cobbold et al., 1996) to 
give rise to infectious extracellular virions which contain a loose fitting external 
envelope derived from the ER. Transport of ASFV from the assembly sites to the 
plasma membrane is dependent on microtubules (Dematos & Carvalho, 1993) via an
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interaction with the (+) end directed motor protein kinesin (Jouvenet et ah, 2004). 
The virus protein E120R is required for this process (Andres et al., 2001).
1.8 Virus-encoded proteins
ASFV replication occurs in the cytoplasm and consequently the virus encodes most, if 
not all, of the enzymes needed to replicate and transcribe the viral genome. ASFV 
produces enzymes which synthesise the precursors for DNA replication, modify 
nucleic acid structure, replicate DNA and transcribe and modify RNA (Yanez et al., 
1995); three key enzymes for the synthesis of deoxynucleotide precursor for DNA 
replication; thymidine kinase (Blasco et al, 1990, Hernandez & Tabares, 1991), 
thymidylate kinase (Yanez et a l, 1993b) and ribonucleotide reductase (Boursnell et 
a l, 1991) as well as a deoxyuridine triphosphatase (Dixon et a l, 1994); a DNA 
polymerase a-like protein (Martins et a l, 1994); a DNA polymerase pol X family 
protein (Garcia-Escudero et a l, 2003), several RNA polymerase subunits (Dixon et 
a l, 1994, Kuznar et a l, 1980, Lu et a l, 1993, Yanez et a l, 1993a, Yanez et a l, 1995) 
as well as helicase and topoisomerase family members (Baylis et a l, 1992, Baylis et 
a l, 1993, Sussman et a l, 1993),
ASFV may also encode the enzymes required to repair DNA by base excision repair, 
and this includes a DNA polymerase of the (pol) X family, an ATP-dependent DNA 
ligase (Hammond et al, 1992, Yanez & Vinuela, 1993) and a putative endonuclease 
(Oliveros et a l, 1997).
ASFV is unusual in that it is the only known DNA arbovirus. The independence of 
ASFV gene transcription from host RNA polymerase may be one of the features 
which enable the virus to replicate in both mammalian and arthropod hosts.
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In addition to encoding proteins necessary for virus replication and assembly, the 
genome encodes several proteins which have the potential to modulate virus-host 
interaction and therefore could be involved in controlling ASFV virulence, persistence 
and modulation of immune response (Dixon et al., 2004, Tulman & Rock, 2001, 
Yanez et a l, 1995).
These include genes and gene families found in the variable genomic regions located 
near the genomic termini, genes similar to known genes from other viruses or 
organisms and those with no obvious similarity to other genes.
Amongst the proteins similar to those of known function, the viral genome encodes a 
protein EP402R or CD2v similar to CD2, an adhesion molecule which is located in 
the cytoplasmic membrane of T cells and natural killer (NK) cells (Beyers et al, 1989, 
Bierer & Burakoff, 1989). The role of CD2v will be discussed in Section 1.8.2.
The dual function protein A238L acts as a homolog of the inhibitor of the host NFkB 
(IkB) transcription factor (Yanez et a l, 1995) and is also an inhibitor of the 
calcineurin phosphatase (Miskin et a l, 2000, Miskin et a l, 1998) and is non-essential 
for virus replication.
The ORF EP153R encodes a C-type lectin (Yanez et a l, 1995). The role of EP153R 
in virus infection will be discussed in Section 1.8.3.
Two ASFV genes have homology to genes involved in apoptosis regulation. A224L 
is an inhibitor of apoptosis (lAP) homolog (Yanez et al, 1995) and it has been 
suggested that this protein may function in the tick as it is non-essential for virus 
replication in cell lines (Chacon et a l, 1995). The protein encoded by the A179L 
ORF is a member of the bcl-2/bax3 family of apoptosis regulators (Neilan et a l, 
1993) and attempts to create virus deletion mutants from which A179L has been
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removed have not been successful indicating that A179L may be essential for ASFV 
replication (Brun et al., 1996, Neilan et a l, 1993, Revilla et a l, 1997).
The protein encoded by the 23-NL gene is a virulence factor in vivo, and has 
similarity to the mouse myeloid differentiation factor MyD116 and the herpes simplex 
virus ICP34.5 genes (Goatley et a l, 1999, Zsak et a l, 1996). ICP34.5 is a host range 
factor for virulence in some tissue types, perhaps indicating a related role for 23-NL, 
allowing rephcation in macrophages (Sussman et al, 1992).
The j4R protein has been demonstrated to bind to the host a-NAC protein (Goatley et 
a l, 2002). a-NAC can act as transcriptional co-activator potentiating transcription 
dependent upon c-Jun (Moreau et a l, 1998), which is activated in response to stress 
and is involved in transcription of many immunomodulatory genes. By binding to a- 
NAC, J4R may interfere with the ability of a-NAC to act as a transcriptional co­
activator.
The ASFV ubiquitin conjugating enzyme encoded by the ORF 1215L may function to 
regulate the virus replication cycle or modulate host cell function by ubiquitination of 
specific substrate proteins thus targeting them for degradation (Bulimo et a l, 2000, 
Dixon et a l, 2004, Hingamp et al, 1992).
The virus also encodes a protein encoded by the ORFs B119L and 9GL of the Ba71v 
and Malawi Lil20/1 genomes which has similarity to the proteins Ervl/Alrp from 
nitrogen-fixing bacterium and Saccharomyces cerevisiae involved in oxidative 
phosphorylation and vegetative growth (Lewis et a l, 2000, Lisowsky, 1992, 
Rodriguez et a l, 2006, Yanez et a l, 1995).
The encoding of such proteins indicates that the virus regulates cell adhesion, 
apoptosis and redox metabolism as well as the host immune response against ASFV 
infection (Yanez et a l, 1995).
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In addition, the ASFV genome also encodes five multi gene families (MGFs) which 
account for around 20% of the total coding information, these are located at the 
termini of the genome and lack similarity to other known genes (Yanez et ah, 1995).
1.8.1 Multi gene families
Like poxviruses, the diversity within the ASFV genome is localised to the terminal 
genomic regions (Blasco et al., 1989a, Blasco et al., 1989b, Dixon, 1988, Sumption et 
al., 1990, Wesley & Tuthill, 1984). Within the left and right genomic termini, ASFV 
contains at least 5 MGFs; MGFIOO, 110, 300, 360 and 530 (Almazan et al., 1992, 
Ahnendral et al., 1990, de la Vega et al., 1990, Vydelingum et al., 1993, Yozawa et 
al., 1994). These genes make up over 17% of the Ba71v coding sequence, but their 
functions are unknown (Yanez et al., 1995) since they lack similarity to other known 
genes.
With poxviruses, genes contained within the terminal variable regions are often non- 
essential in vitro, instead performing functions within the natural hosts (Goebel et al., 
1990, Massung et al., 1993, Senkevich et al., 1997), and it is this similarity that 
indicates that genes from the MGFs have a role in the tick vector. A recent study 
confirmed the role of specific MGF genes in affecting ASFV growth in O. moubata. 
The MGF 360 genes 3HL, 3IL and 3LL are dispensable for growth in macrophage 
cell cultures, but are required for efficient viral replication and generalization of 
infection in the tick host (Burrage et al., 2004). Deletion of genes from the MGFs 360 
and 530 of the highly pathogenic isolate Pr4 significantly reduced viral growth in 
macrophage cell cultures, indicating that these genes are novel macrophage host 
determinants (Zsak et al., 2001). Furthermore, an upregulation of genes involved as 
part of a type I interferon response was observed in macrophages infected with a
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deletion mutant lacking the MGF 360 and 530 genes compared to macrophages 
infected with wild type virus (Afonso et a l, 2004). Combined, these studies suggest 
that the MGF 360 and 530 genes suppress a type I interferon response, which may 
account for the growth defect of the Pr4 isolate lacking these genes in macrophages 
and its attenuation in swine (Afonso et a l, 2004).
1.8.2 CD2v
The ORF EP402R in the BaTlv ASFV isolate and LMRW-8 in the Malawi Lil-20/1 
ASFV isolate encode proteins with significant similarity to the T-cell adhesion 
molecule CD2 (Borca et a l, 1994, Rodriguez et a l, 1993). The proteins encoded by 
these ORFs have been named CD2v (Kay-Jackson et a l, 2004). CD2v is predicted to 
be a glycosylated transmembrane protein containing four distinct domains, an amino 
terminal signal sequence, an hydrophilic extracellular domain containing putative 
sites for the attachment of N-linked carbohydrates and two immunoglobulin-like 
domains, a short hydrophobic transmembrane domain and a C-terminal cytoplasmic 
tail which contains several proline-rich direct repeats of the hexapeptide PPPKPC 
(Borca et a l, 1994) (Figure 1.5) and other motifs involved in protein-protein 
interactions and cell trafficking. The number of PPPKPC repeats also varies between 
different isolates.
CD2v is transcribed in the late stages of ASFV replication and has been shown to be 
required for the haemadsorption of swine erythrocytes to virally-infected cells and 
extracellular particles (Borca et a l, 1994, Rodriguez et a l, 1993) (Figure 1.6). The 
haemadsorption of erythrocytes to extracellular virus is responsible for the 
predominantly erythrocyte-associated viraemia exhibited in pigs infected with 
haemadsorbing isolates of ASFV and this facilitates dissemination of the virus around
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Figure 1.5
The structure of the complete CD2v protein from the Malawi Lil20/1 isolate. 
The positions of the predicted signal peptide (SP) and transmembrane region 
(TM) are indicated. The amino acid sequence of the predicted cytoplasmic 
domain is shown. Adapted from Kay-Jaekson et al., 2004.
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%Figure 1.6 Haemadsorption of erythrocytes around African Swine Fever virus infected cells and 
virus particles
A) Fluorescently-labelled ASF particles adsorbed to porcine erythrocytes. Insert on Panel A is a 
magnification of one section of the image. Image courtesy of Dr. Sharron Brookes, Veterinary 
Laboratories Agency. B) Porcine erythrocytes adsorbed onto the surface of primary porcine bone 
marrow cells infected with a haemadsorbing, virulent isolate of ASFV. Image courtesy of Dr. Phil 
Wilkinson, Institute for Animal Health.
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the host (Borca et a l, 1998). In non-haemadsorbing isolates, stop codons near the 
start of the ORF prevent expression of the protein (Cox, 1998, Duarte, 2000).
CD2v is non-essential for virus replication in primary porcine macrophage cell culture 
and does not affect the viral virulence in vivo (Borea et a l, 1998). However, the 
progress of infection in pigs infected with ASFV deletion mutants from which CD2v 
has been removed does differ from infection with wild type virus. Viraemia is 
delayed and the distribution and titre within the pig is reduced in pigs infected with 
the CD2v deletion mutants (Borca et a l, 1998, Rodriguez et a l, 1993, Thomson et a l, 
1979). These differences may be related to a reduced ability of the virus to spread 
around the body of the pig in the absence of the association with erythrocytes (Borca 
et a l, 1998, Rodriguez et a l, 1993, Thomson et a l, 1979) or increased clearance of 
viral particles by components of the immune system.
A function for CD2v protein in impairment of lymphocyte function was suggested by 
in vitro assays, which compare the ability of lymphocytes, in cultures of peripheral 
blood mononuclear cells infected with wild type ASFV or a CD2v deletion mutant, to 
proliferate in response to mitogens (Borca et a l, 1998). This showed that expression 
of CD2v is required for the inhibition of lymphocyte proliferation, which is 
characteristic of ASFV infection (Canals et a l, 1992, Childerstone et a l, 1998, 
Takamatsu et a l, 1999). Since ASFV does not infect lymphocytes, this effect must be 
mediated by factors on the surface of, or secreted from, ASFV infected macrophages 
or by extracellular virus particles.
The similarity in structure and function of CD2v to the T-cell adhesion molecule 
CD2 and requirement of CD2v expression to suppress the proliferation of 
lymphocytes suggest that it plays an important role in evading the immune defence 
system of its natural host (Borca et a l, 1998).
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1.8.2.1 CD2
CD2v and CD2 have significant similarity between their extracellular domains. CD2 
is found on the surface of T cells and NK cells. It plays an important role in 
augmenting both antigen-dependent and antigen-independent T-cell activation and in 
natural killer cell activity (Beyers et al., 1989, Krensky et a l, 1983a). The natural 
ligands for CD2 are CD58 (LFA-3), a surface glycoprotein present on most cell types 
and CD59, a membrane protein expressed in most cell types and which inhibits cell 
lysis by human complement (Whitlow et a l, 1990). The CD2 protein has been shown 
to play an important physiological role in facilitating adhesion between T cells and 
antigen presenting cells by the specific interaction of its extracellular domain with 
CD58, thus promoting T-cell recognition of foreign antigens presented by the major 
histacompatibility complex on antigen presenting cells (Moingeon et a l, 1989). 
Blocking of the CD2 - LFA-3 interaction by free ligand; anti-CD2 antibodies or 
soluble CD2; blocked T cell recognition of antigen presented by antigen presenting 
cells, inhibited the CD4+ and CD8+ T cell-mediated response and reduced levels of T 
cell activation (Guckel et a l, 1991, Krensky et a l, 1983b, Miller et a l, 1993, 
Palacios, 1982, Rabin et al, 1993).
In the case of ASFV, CD2v is responsible for the adhesion of red blood cells to 
infected cells but the corresponding ligand in the red blood cells is unknown, although 
the similarity between the extracellular domain of CD2 and CD2v, combined with the 
ability of CD2v to bind erythrocytes suggests that CD2v interacts with either CD58, 
CD48 or a similar ligand on the surface of porcine cells.
The cytoplasmic domain of CD2 interacts with the aetin binding adapter protein CD2- 
associated protein (CD2AP) which is implicated in the reorganization of the aetin 
cytoskeleton (Dustin et a l, 1997).
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1.8.2.2 CD2v and SH3P7
The cytoplasmic tail of CD2v binds to the aetin binding protein SH3P7 (mAbpl/HIP- 
55) (Kay-Jackson et ak, 2004). CD2v and SH3P7 co-Ioealise in ASFV-infected areas 
surrounding virus factories (Kay-Jackson et ak, 2004). SH3P7 links the aetin 
cytoskeleton to signal transduction pathways via its activation by protein tyrosine 
kinases belonging to the Src and Syk kinase family (Larbolette et ak, 1999). SH3P7 
associates with the large GTPase dynamin via its SH3 domain (Kessels et ak, 2000) 
and has been shown to be essential for transferring receptor endocytosis using SH3P7- 
knock down cells (Mise-Omata et ak, 2003). In addition, SH3P7 is involved in aetin 
assembly at the Golgi apparatus, implicating it in vesicle traffieking through the Golgi 
network (Fucini et al. 2002) and also promotes JNK signalling as an upstream 
activator of the haematopoietic progenitor kinase I (HPK 1) (Ensenat et ak, 1999). 
The interaction of CD2v with SH3P7 could interfere with the regulation of 
endocytosis, protein trafficking and JNK signalling in ASFV-infected cells.
1.8.3 EP153R
The ORFs EP153R of Ba71v and BCR of Malawi Lil 20/1 encode a protein with 
similarity to the C-type lectin family of adhesion proteins (Galindo et ak, 2000, 
Neilan et al., 1999).
SCR is non-essential for growth in porcine macrophages in vitro and for virus 
virulence in domestic swine (Neilan et ak, 1999). The disruption of EP153R does not 
change in vitro virus growth rate, although a reduction of haemadsorption in ASFV- 
infected cells has been observed in some isolates lacking the EP153R gene (Galindo 
et ak, 2000) but this has not been universally observed (Duarte et ak, 2000).
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Some studies have suggested that EP153R protein may stabilise the interaction 
between CD2v and it ligand on red blood cells (Galindo et al., 2000, Haynes et al., 
1989). Furthermore antibodies against CD44 have been shown to inhibit the 
interaction between human and sheep erythrocytes and T-lymphocytes (Hale et al., 
1989, Shimizu et al., 1989), a phenomenon known as E-rosette formation, generated 
by interaction between CD58 and CD2 molecules present in the red and white cells 
respectively. It has been suggested that the physical proximity of CD44 to 
erythrocyte LFA-3 molecules may be required to regulate the LFA-3-CD2 interaction 
(Haynes et al., 1989).
EP153R has also been shown to reduce the trans-activating activity of the cellular 
protein p53 in Vero cell cultures resulting in a reduction in apoptosis induced by virus 
infection or staurosporine treatment (Hurtado et al., 2004).
C-type lectin-like proteins have previously been deseribed in poxviruses. The 
Vaccinia virus gene A34R encodes a transmembrane protein similar to C-type lectins 
(Blasco et al., 1993) and it is suggested that A34R functions either in the formation or 
stabilisation of actin-containing microvilli that facilitate the cell-to-cell spread of virus 
(Wolffe et al., 1997a). Virus mutants lacking the A34R proteins are unable to make 
aetin tails (McIntosh & Smith, 1996, Rottger et ak, 1999, Wolffe et ak, 1997b). An 
A34R homologue is also present in Variola virus, where it is thought to pay a role in 
virus infectivity (Massung et ak, 1993, McIntosh & Smith, 1996).
8CR is highly conserved among ASFV isolates, although a greater variability is 
observed than that seen with other well-characterised non-essential ASFV genes 
(Neilan et ak, 1997, Zsak et ak, 1996).
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1.9 ASFV transmission
In Africa, ASFV replicates and is maintained in a sylvatic eycle between warthogs, 
bushpigs and Ornithodoros moubata ticks. The mechanism of ASFV transmission 
from the sylvatic cycle in Africa to the domestic cycle is most likely through the 
feeding of infected ticks on domestic pigs (Plowright et ak, 1969b, Thomson, 1985) 
since direct contact between infected warthogs and domestic pigs has failed to result 
in transmission (Detray, 1963, Heusehele & Coggins, 1969, Montgomery, 1921, 
Thomson, 1985) except in a single case (Detray, 1957). The virus may be transmitted 
between domestic pigs either by direet or indirect contact (Mebus, 1988) in the 
absence of the tick vector (Wilkinson et ak, 1989).
In the Iberian Peninsula, O. erraticus ticks are thought to act as a reservoir of the 
disease (Sanchez Botija, 1982).
1.9.1 The role of Ornithodoros sp. in ASFV transmission
The only known invertebrate reservoirs of ASF are ticks. Within the phylum 
Arthropoda, sub-phylum Chelicerata, class Arachnida, sub-class Acari; ticks are 
within the order Parasitiformes (Sonenshine, 1993). The sub-order Ixodida comprises 
three families, the Nuttalliellidae and the Ixodid (hard ticks) and Argasidae (soft 
ticks). Two ticks of the family Argasidae have been identified as ASFV reservoirs in 
nature (Plowright et ak, 1969b).
In Africa, Ornithodoros moubata acts as a virus reservoir (Plowright et ak, 1969a). In
Southern, Eastern, and Central Africa, suid-associated O. moubata are present in
almost all areas where ASF is known to occur (Plowright, 1977, Thomson et ak,
1983). In sub-Saharan Africa, warthogs occupy burrows which are frequently 
infested with large numbers of O. moubata ticks (Pierce, 1974, Plowright, 1977,
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Thomson et a l, 1983, Thomson, 1985) and a correlation, although not absolute, has 
been established between ASFV infection of warthogs and the presence of O. 
moubata ticks in burrows (Thomson et al, 1983).
The first association of ASFV with a tick was made by Sanchez-Botija (Sanchez 
Botija, 1963) who reported isolation of ASFV from Ornithodoros erraticus, a tick 
native to the Iberian Peninsula and later considered important to the maintenance of 
ASFV in an enzootic cycle in that region (Sanehez Botija, 1982). In Portugal, ticks 
are usually found hidden in cracks of traditional buildings, and very rarely in modem 
buildings (Oleaga Perez et al., 1990).
The complete cycle, from egg to adult larvae stage and 3-5 nymphal stages is 
presumed to be between 2 - 3  years in Salamanca (Oleaga Perez et ak, 1990) and 
Portugal (Caiado et ak, 1990). Ticks also have a resistance to fasting, several reports 
refer to a maximum period between feeding of between three and five years (Caiado 
et ak, 1990) and a total lifespan of up to eight years (Sanchez Botija, 1982) and could 
therefore be considered important reservoirs of ASFV if persistently infected.
1.9.2 ASFV replication in Ornithodoros sp. ticks
Vims is ingested and is transported with the blood into the lumen of the gut when the 
tick takes a blood meal from a viraemic host. The gut wall is the primary site of 
ASFV replication, and in order to cross the so-called gut barrier and enter the 
haemolymph, the vims must attach to, enter and replicate within the gut wall cells 
(Greig, 1972). There are several mechanisms by which this could occur. Firstly, the 
vims could attach to specific receptor sites on the luminal surface of the gut cells 
before entry and uncoating. The identity of receptor sites for the attaehment of ASFV 
to arthropod cells has yet to be established. Their existence is partly supported by the
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fact that ASFV has only been shown to replicate within ticks of the species 
Ornithodoros. The virus may also be phagocytosed during intracellular digestion by 
the gut cells along with components of the blood meal. Once the virus has entered the 
gut cells, replicated and produced progeny virus particles, the virus may then be 
released through the basement lamina of the midgut wall into the haemocoel. Finally, 
virus could pass directly into the haemocoel from the gut lumen through lesions or 
pores between the gut cells formed during the first phase of digestion and without 
entering the gut cells (Sonenshine, 1993). This has been observed with some other 
arboviruses and is known as the leaky-gut phenomenon.
ASFV replication in the midgut epithelium is the initial site of ASFV replication and 
is required for the infection of Ornithodoros ticks (Kleiboeker et al., 1999). Once the 
virus has gained entry to the haemocoel it can disseminate to the secondary sites of 
replication via the haemolymph which surrounds these organs. Secondary sites of 
replication include the salivary glands, the ovaries of the female and accessory glands 
of the male.
1.9.3 Persistence of ASFV within Ornithodoros sp.
In the absenee of re-infection from a viraemic host, virus is maintained in the tick 
population by four methods in O. moubata; co-feeding; transovarial, transstadial and 
sexual transmission (Plowright et al., 1974, Plowright et al., 1970, Rennie et al., 2001) 
(Figure 1.7).
Transovarial transmission is common and occurs frequently in vector/parasite 
relationship. This provides a vertical over-wintering mechanism which is used by 
many arboviruses to survive in the absenee of re-infection from a viraemic host. The 
exact mechanism by which transovarially transmitted virus penetrates germinal cells
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Figure 1.7 The African Swine Fever sylvatic cycle in Africa.
Infection of Ornithodoros moubata with African Swine Fever virus, and transmission 
mechanisms that allow the maintenance of virus within the tick population. Diagram 
courtesy of Dr. Linda Dixon, Institute for Animal Health.
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is largely unknown, although for transovarial transmission to occur the virus must 
pass from the midgut (Kleiboeker et ak, 1999), to the haemoeoel, penetrate the ovarial 
sheaths, infect the follicular epithelium and gain entry to developing oocytes. 
Transovarial transmission of ASFV in O. erraticus has not been demonstrated (Endris 
& Hess, 1994).
Transstadial transmission is the continuation of an existing infection through the 
moulting proeess, hence from one nymphal stage to the next, and usually occurs after 
a bloodmeak Transstadial transmission in O. erraticus was found to occur when ticks 
that had acquired ASFV as larvae transmitted virus by bite to susceptible pigs 588 
days after infection (Endris et ak, 1992).
Sexual transmission is a further mode of transmission that has been shown to oceur 
for most tick and mosquito-bome arboviruses. In O. moubata, sexual transmission 
from infected males to clean females has been observed to oecur in a high proportion 
(88%) of tieks, but transmission from female to males was very rare (Plowright et ak, 
1974). Sexual transmission from infected males to non-infected females has been 
successfully demonstrated in O. erraticus, although transmission rates are 
considerably lower than seen in O. moubata, with rates varying from 10% (Endris & 
Hess, 1994) to 25% (Boinas, 1994).
1.9.4 Experimental infections of Ornithodoros sp. with ASFV
Previous studies have deseribed experimental infection of O. moubata ticks with a 
number of different ASFV isolates (Greig, 1972, Hess et ak, 1989, Kleiboeker et ak, 
1998a, Kleiboeker & Scoles, 2001, Kleiboeker et ak, 1999, Plowright et ak, 1970, 
Rennie et ak, 2000). Details of the pathogenesis vary in these reports, although 
ASFV infection of O. moubata ticks is characterised by establishment of long term, 
persistent infection with relatively high levels of viral replication in a number of
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different tissues and organs. Persistent infection in the tick involves continuous 
replication in several tissues and is associated with minimal cytopathology. This is in 
line with the idea that arboviruses and their vector have evolved together so that the 
virus no longer causes disease or mortality of the vector. ASFV infection of O. 
moubata has been associated with very low mortality (Greig, 1972, Kleiboeker et al., 
1999, Plowright et al., 1969a, Plowright et al., 1970) except during the gonotrophic 
cycle (Hess et al., 1989). This data suggests that ASFV infection of the natural 
arthropod host represents a well-adapted and possibly co-evolved biological system 
(Kleiboeker et al., 1999). Consequently, the virus may have “acquired” genes 
encoding proteins which facilitate virus replication in ticks and tick to tick 
transmission as well as tick to pig or warthog transmission.
Differences in infectious dose, infection rate or the proportion of ticks which became 
persistently infected were observed when tieks from the same eollection were exposed 
to different ASFV isolates (Greig, 1972, Kleiboeker et al., 1998a, Kleiboeker et al., 
1999, Plowright et al., 1970).
Other reports have observed high mortality rates in ticks infected with ASFV. Studies 
by Hess et al. (1989) revealed that mortality amongst ASFV-infected O. moubata and 
O. erraticus was signifieantly higher than in uninfected ticks. Further studies 
revealed a higher mortality in O. coriaceus fed on an ASFV-infeeted pig than in ticks 
fed on an uninfected pig (Hess et al., 1987). Similarly, infected O. moubata showed a 
significant increase in mortality rate after they had fed for a second or third time. It 
was speculated that infection with ASFV caused the increase in mortality rates 
observed amongst infected ticks due to rupture of the gut wall (Rennie et al., 2000). 
Considerably less data is available for O. erraticus ticks. Most studies have focussed 
on the transmission mechanisms of ASFV within the tick population. ASFV has been 
found to persist in the O. erraticus tick population by sexual transmission (Boinas,
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1994, Endris & Hess, 1994), transstadial transmission up to 655 days post infection 
(Endris & Hess, 1992), although transovarial transmission has not been demonstrated 
(Endris & Hess, 1994).
Experimental ASFV infection and transmission has also been demonstrated for O. 
savigni, a tick found in America (Mellor & Wilkinson, 1985), O. coriaceus and O. 
turicata (Groocock et al., 1980, Hess et al., 1987), ticks indigenous to the United 
States and O. puertoricensis, indigenous to the Caribbean (Endris et al., 1991, Hess et 
a l, 1987). ASFV infection of non-adapted European and N. Ameriean Ornithodoros 
spp results in significant tick mortality (Endris et al., 1991, Endris & Hess, 1992, 
Endris et al., 1992, Groocock et al., 1980, Hess et al., 1987). It is possible that the 
inability of a non-adapted tick host to control virus replication and/or virus-induced 
pathology is responsible for the observed mortality.
1.10 Project Aims
1.10.1 Investigation of the capacity of O. erraticus to act as a reservoir of ASFV
Previous work investigating the role of O. erraticus as a potential reservoir of ASFV 
has involved studying the ability of older Portuguese isolates to persist in the tick 
vector after membrane feeding or inoculation. No studies have been performed to 
determine the efficency of recent Portuguese or Sardinian isolates to persist in the 
tick. If these isolates can cause a persistent infection in ticks, this would have serious 
implications in the event of an ASFV outbreak in areas where Ornithodoros inhabit. 
One aim of this project was to investigate the ability of a wider variety of more recent 
ASFV isolates to persist in O. erraticus. Such studies would expand our knowledge 
of the capacity of the tick to act as a reservoir of ASFV.
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1.10.2 Identification of ASFV encoded proteins which facilitate virus replication 
in O. erraticus
A second aim of this project was to identify ASFV encoded proteins which aid virus 
replication in the tick vector. Few studies have been performed to identify ASFV 
genes which are implicated in infection of Ornithodoros ticks. In this study, ticks 
were infected with a wild type isolate with mutations in the gene encoding the CD2v 
protein, and recombinant ASFV isolates encoding a functional CD2v protein. 
Overall, this information will contribute to a greater understanding of ASFV infection 
of O. erraticus, and will provide an important insight into the mechanisms by which a 
persistent infection of the tick vector is achieved. This may identify target viral genes 
for deletion from the viral genome in the process of creating an attenuated virus 
vaccine.
1.10.3 Molecular typing of ASFV isolates
A third aspect of this project was to develop a method for the rapid genotyping of 
ASFV isolates by identifying variable regions of the ASFV genome that could be used 
to differentiate between closely related isolates. Development of a procedure for 
genotyping isolates would facilitate the analysis of lineages of infection. Interpreting 
these genetic relationships is of importance in understanding the evolution and 
epidemiology of the virus. This is important, particularly in many African countries 
where ASF is endemic, where a relatively low-technology approach would be useful 
to follow and control the spread of disease.
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2 Materials & Methods
2.1 Enzymes and chemicals
Unless otherwise stated all reaction buffers and enzymes and reagents were purchased 
from Promega, UK. All chemicals were purchased from Sigma Aldrich, UK.
2.2 Mammalian cells
2.2.1 Preparation of porcine bone marrow cells
Porcine Bone Marrow (PBM) cells were obtained from piglet femur bones and were 
prepared at a concentration of 7 logio cells ml'  ^ by the Central Service Unit at the 
Institute for Animal Health.
2.2.2 Preparation of primary alveolar macrophages
Porcine alveolar macrophages (PAM) were collected by lung lavage with PBS and 
cells pelleted by centrifugation at 1,000 x g  at room temperature for 10 minutes. The 
cells were resuspended in RPMl + HEPES medium supplemented with 10% fetal calf 
serum (PAA Laboratories) supplemented with 50 U ml'  ^ penicillin, 50 pg ml'  ^
streptomycin and 50 U ml'  ^ fungizone. The cells were cultured in plastic flasks or 
plates at 37 °C with 5 % CO2 .
2.3 DNA methods
2.3.1 DNA amplification
2.3.1.1 Polymerase chain reactions
Polymerase chain reactions (PCRs) were performed using the Triplemaster PGR 
system (Eppendorf) as recommended by the manufacturer. Reactions contained high 
fidelity buffer (EppendorQ, 0.2 mM dNTPs, triplemaster enzyme mix, 100 ng of DNA
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and 500 nM of each primer in a final volume of 20 pi. A typical reaction included a 5 
minute dénaturation step at 95 °C followed by 40 cycles including 30 seconds at 95°C, 
30 seconds at 50 °C and 30 seconds at 68 °C. Following a further 10 minute 
elongation step at 68 °C, reactions were stored at 4 °C. Primers were purchased from 
MWG Biotech (Table 2.1).
2.3.2 DNA analysis
2.3.2.1 Agarose gel electrophoresis
Agarose was added to 1 X TAE, typically 0.6 % to 1.2 % and melted. Following 
cooling to -  50°C, ethidium bromide was added to a final concentration of 0.5 pg m f 
\  Samples were loaded in agarose gel loading buffer, and gels run in 1 X TAE at 120 
V or less. The size of the DNA fragments were estimated by their relative mobility 
compared to either a 1 kbp (Biogene) or a 100 bp molecular weight ladder (Biogene). 
Gel images were captured using an UV imager and ‘Quantity One’ version 4.1.0 
software (Biorad).
2.3.2.2 Gel extraction and DNA purification
DNA bands were excised and purified from agarose gel, using the GFX PGR and 
DNA Gel Band Purification Kit (Amersham Biosciences, Product code 27-9602-01) 
as described in the manufacturer’s guidelines following the protocol purification of 
DNA from gel bands. Ten pi of capture buffer was added to each 10 mg of excised 
gel. The mixture was vortexed and incubated at 60 °C for 15 minutes. The sample 
was then transferred to a GFX capture column and centrifuged at 10,000 x g  for 30 
seconds. The flow through was discarded, and 500 pi wash buffer (10 mM Tris-HCl 
pH 8.0, 1 mM EDTA diluted to 20 % in absolute ethanol) was applied to the column
-50
u8
•S w
y<u o
^ B
l i
■S
(/) 
■I
a
(Ü
II
% '5b
I : 
t s
II
ê
g Q
2 1
. O
PQ ^
i ty
1 1
<  q
e l
g . B
^  s(U >
<D
I
§
C/5
(/)
, 8  
OX) o  
o
« g «
yfS s§ -
Oi (U 'T3" l i
H cu OP
£ !
(S
(/) M
%
e
■i Q
1 “
I m
2 ^
72
I
MD
OSOS
A
OS
00
o
Os
OS
Uh
Os
Os
SO
SOTT
D
m
r--o o
m
SO
SO
so
r -oos
o
8
r \ |
p3
PQ
8
<N
kS
m
5
8
HI
U
H
<
U
U
<
§
Ü8
U8
S
H
<
%
(N
-51-
prior to centrifugation at 10,000 x g  for 30 seconds. The column was then placed into 
a fresh collection tube and 50 pi of water applied and incubated at room temperature 
for 1 minute. The DNA was collected following a final centrifugation step of 10,000 
x g  for 1 minute.
23.2,3 DNA purification from solution
DNA was purified from solution using the GFX PGR and DNA Gel Band Purification 
Kit (Amersham Biosciences, Product code 27-9602-01) as described in the 
manufacturer’s guidelines following the protocol purification of DNA from solution. 
Typically, DNA in solution was mixed with 500 pi capture buffer and transferred to a 
GFX capture column prior to centrifugation at 10,000 x g  for 30 seconds. The flow 
through was discarded, and 500 pi wash buffer (10 mM Tris-HGl pH 8.0, 1 mM 
EDTA diluted to 20 % in absolute ethanol) was applied to the column prior to 
centrifugation at 10,000 x g  for 30 seconds. The column was then placed into a fresh 
collection tube and 50 pi of water applied and incubated at room temperature for 1 
minute. The DNA was collected following a final centrifugation step of 10, 000 x g  
for 1 minute.
Z.3.2.4 Measurement of DNA concentration
DNA concentration in solution was established either by assessment of aliquots of 
known concentration standards by agarose gel electrophoresis or by measuring their 
OD260 values on a Ultrospec 2100pro UV/visible Spectrophotometer. One OD260 unit 
represents 50 pg ml"^  DNA.
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2.3.2.5 Sequencing of PCR products and plasmids
Sequencing of PCR products and plasmids was performed using the CEQ DTCS 
Quick Start Kit (Beckman Coulter) following the manufacturer’s guidelines. 25 finol 
of PCR product per reaction and 100 finol of plasmid per reaction were used. The 
DTCS quick start master mix was used at a 1 in 4 dilution, diluting with the lOX 
dilution buffer provided with the kit. All sequencing was conducted on a Beckman 
Coulter CEQ 8000 Genetic Analysis System.
2.3.2.6 Fragment analysis
Fragment Analysis was performed using PCR products purified from agarose gels 
using the GFX PCR DNA and Gel Band Purification kit (Amersham Biosciences). 
Subsequent PCR reactions were set up using the Triplemaster PCR system, in a total 
reaction volume of 10 pi. One primer of each primer pair was labelled with a Well- 
Red Dye. 1 pi of a 2.5 pM stock solution of labelled-primer was used in each 
reaction. Well-Red dye-labelled primers were purchased from Proligo.
Typically, 5 pi of a Beckman dye labelled PCR reaction was used for fragment 
analysis. 5 pi of reaction mix was mixed with 40 pi Sample Loading Solution 
(Beckman Coulter) and 0.5 pi of CEQ DNA Size Standard Kit- 600 (Beckman 
Coulter) and loaded onto a Beckman Coulter CEQ 8000 Genetic Analysis System. 
Samples were run using the ‘Frag 4’ program and were analysed using the ‘600 PA’ 
parameters.
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2.4 RNA methods
2.4.1 RNA extraction from tick homogenate
Individual homogenised ticks were thawed on ice from storage at -  70 °C. Total 
cellular RNA was prepared using Tri Reagent (Sigma Chemical Company) following 
the manufacturer’s guidelines. 500 pi of Tri Reagent was added to 500 pi tick 
homogenate and incubated for 5 minutes at room temperature. Following the 
additional of 100 pi of chloroform, samples were incubated for 10 minutes at room 
temperature before centrifugation at 10,000 x g for 10 minutes at 4 °C. The colourless 
upper aqueous phase was transferred to a fresh microfuge tube and 250 pi isopropanol 
added. Samples were then incubated for 10 minutes at room temperature prior to 
centrifugation at 12,000 x g for 10 minutes at 4 °C. The supernatant was discarded 
and the RNA pellet washed in 500 pi of 75 % ethanol prior to centrifiigation at 7,500 
X g  for 5 minutes at 4 °C. The supernatant was then discarded and the RNA pellet air 
dried for 5 minutes at room temperature. Pellets were resuspended in 50 pi RNase- 
free water. The total cellular RNA was treated with lOOU RNase-free DNase I 
(Roche) for 4 hours at 37 °C. The RNA samples were then purified using the RNeasy 
Mini kit (Qiagen, catalogue number 74104) following the manufacturer’s RNeasy 
Mini Protocol for RNA Cleanup. Total RNA was mixed with 350 pi RLT Buffer 
(including p-mercaptoethanol) and 250 pi of 100 % ethanol was added and then 
applied to an RNeasy spin column and centrifiiged at 8,000 x g  for 15 seconds. The 
flow through was discarded, and 500 pi Buffer RPE added prior to centrifugation at 
8,000 X g  for 15 seconds. The flow through was again discarded, and a further 500 pi 
Buffer RPE added and the samples centrifuged at 8,000 x g for 15 seconds. The 
column was placed into a fresh collection tube and the RNA eluted following the 
addition of 50 pi RNase-ffee water, and centrifiiged at 8,000 x g for one minute. At
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this stage, samples were either stored at -20 °C or denatured in the presence of 2 pg 
random hexamers (Amersham Biosciences) at 65°C for 10 minutes followed by 
incubation at 4 °C for 2 minutes before being used directly in an RT-PCR.
2.4.2 RNA quantification
RNA concentration in solution was estimated using an Ultrospec 2100pro UV/visible 
Spectrophotometer. One OD260 unit represents 40 pg/ml of RNA.
2.4.3 RT-PCR
Reverse transcription and a subsequent 50-cycle PCR was performed using the 
OneStep RT-PCR kit (Qiagen) following the manufacturer’s guidelines. The primers 
A238L-5’ and A238L-3’ and p72-U and p72-D were used for the detection of the 
ASFY genome (see Table 2.1), whilst the actin-for and actin-rev primers were used as 
a positive control for RNA extraction from the tick. Reactions included 30 minute 
reverse transcription step at 42 °C, followed by 50 cycles including 1 minute at 95 "C, 
1 minute at 50 "C and 1 minute at 68 °C. Following a further 10 minute elongation 
step at 68 C, reactions were stored at 4 °C. RT-PCR products were purified from 
agarose gels as described by the manufacturer using the Amersham GFX purification 
kit (Amersham Biosciences, Product code 27-9602-01).
2.5 Maintenance and manipulation of O. erraticus
2.5.1 Maintenance of field-collected O. erraticus
O. erraticus ticks were collected by Prof. Fernando Boinas from five farms in the 
region of Alentejo, Portugal which had no history of ASF for at least seven years prior 
to collection, and in which previous surveys had failed to detect ASFV-infected ticks.
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Each batch of ticks was kept in separate screw-capped plastic containers (Sterilin, 
UK) with a fine nylon cloth (16 mesh cm'^) as a cover to allow equilibrium with the 
85 % relative humidity environment of the incubator at a temperature of 27 - 28 °C. 
Up to 50 ticks were kept in each container with multiple folded strips of filter paper 
(Whatman No. 5).
2.5.2 Membrane feeding of O. erraticus
Ticks were infected by feeding on pig blood containing virus using sterile glass tick 
feeders. Virus of a known titre was diluted in heparinized pig blood and the resultant 
mixture was put into the tick feeder using a transfer pipette. The method for artificial 
feeding of blood to O. moubata (Osborne & Mellor, 1985) was adapted by replacing 
the silicone membrane with a Parafilm membrane (“M”, American National Can, 
Greenwich, CT.06836, USA). The membrane was stretched over the blood chamber 
of the feeding unit, with care being taken to remove all air bubbles so the ticks could 
feed directly on the blood. The feeder had a water jacket connected to a temperature- 
controlled water pump to maintain the temperature of the virus suspensions in the 
inner compartment at 37 °C (Figure 2.1).
2.5.3 Measurement of blood meal ingestion by O. erraticus
After being anaesthetised, 20 individual ticks of each developmental stage were 
weighed using a precision balance before membrane feeding and again after 
engorgement but before the excretion of coxal fluid. Fifty p.1 mixtures of blood were 
weighed and the average taken to calculate the volume of 1 pi of blood so the volume 
of blood meal ingested could be determined.
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Figure 2.1 Apparatus used for the membrane feeding of O. erraticus ticks
To membrane feed ticks, a parafilm membrane was stretched over the blood chamber 
of the feeding unit. The blood chamber was surrounded by a water jacket connected 
to a temperature-controlled pump to maintain the temperature of the blood/virus 
mixture at 31°C.
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2.5.4 Inoculation of O. erraticus
Prior to inoculation, ticks were anaesthetised with CO2 gas, and then transferred to a 
turntable under a dissecting microscope with a constant stream of CO2 to maintain 
anaesthesia. The apparatus used for inoculation of the ticks was described by 
Boorman (Boorman, 1975). Glass capillary tunes were moulded into needles by 
heating and attached to 25 gauge hyperdermic needles. The virus suspension was 
drawn into the glass capillary needle which was then connected to a source of 
compressed air at a pressure of three to four pounds per square inch which allows 
inoculation of the virus into the tick.
The inoculum was injected through a cuticular membrane above the base of the IV 
coxae of the tick. Ticks were inoculated with approximately 1 pi of virus.
2.5.5 Identification of different life-cycle stages of O. erraticus
Larvae are non-motile, have six legs and remain within the egg shell. All subsequent 
stages have eight legs and are motile. Prior to sorting, ticks were anaesthesised with 
CO2 gas and then transferred to a turntable under a dissecting microscope with a 
constant stream of CO2 gas. The ticks were classified as adult males and females by 
the observations of the genital openings. Nymphs were classified into the different 
stages of development according to their body length (Table 2.2).
2.5.6 Harvesting of O. erraticus
Engorged O. erraticus ticks were surface sterilised using 10 % hypochlorite solution. 
Ticks fed on infected blood were homogenised using a syringe and needle in 500 pi 
RPMI medium supplemented with 20 % fetal calf serum (PAA Laboratories) and 50
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Table 2.2 Classification of Ornithodoros erraticus nymphal stages 1 to 
4-5 by body length
Nymphal developmental stages are given in column A. The range in body 
length of each stage is given in column B, and mean length values are given in 
column C. Table adapted from Olega-Perez et a l (1990).
Nymphs Range (mm) Mean (mm)
A B C
Nymph 1 (Nl) 0 .95-1 .2 1.06
Nymph 2 (N2) 1.45-1.90 1.64
Nymph 3 (N3) 1.70-2.35 1.99
Nymph 4/5 (N4/N5) 2.20-3.10 2.70
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u  ml’^  of penicillin, 50 pg ml'  ^ streptomycin and 50 U ml'  ^ fungizone. Ticks were 
flash-frozen in liquid nitrogen prior to storage at -  70 °C.
2.5.7 Dissection of O. erraticus
Individual O. erraticus ticks were surface sterilised using a 10 % hypochlorite 
solution, followed by two washes in deionised water. Specimens were placed on 100 
mm Petri dishes (Sterilin) with Eagle’s Minimum Essential Medium with Hanks’ salts 
and glutamine (GIBCO) supplemented with 10 % tryptose phosphate broth (GIBCO), 
0.1 % bovine phosphate broth (GIBCO), 50 U m l'\ penicillin, 50 pg ml  ^
streptomycin and 50 U ml'  ^ fiingizone. Organs were extracted under a dissecting 
microscope. The digestive tracts, salivary glands and pool of organs were placed in 
new Petri dishes with fresh culture medium and cut into 1 - 2  mm segments. The 
segments were centrifuged for 5 minutes at 70 x g. The supernatant was discarded 
and the segments resuspended in 500 pi of fresh medium prior to centrifugation at 70 
X g for 5 minutes. The pelleted segments were resuspended in 500 pi PBS and stored 
at -20 °C for short term storage, or -  70 °C for long term storage.
2.5.8 DNA extraction from tick homogenate, organs & tissues
Individual homogenised ticks or pools of organs/tissues were thawed on ice from 
storage at -  70 °C. DNA was extracted using the QIAamp DNA Mini Kit (Qiagen, 
catalogue number 51304) following the Manufacturer’s Blood and Body Fluid Spin 
Protocol. 20 pi QIAGEN protease was added to 200 pi of each sample and 200 pi of 
Buffer AL prior to vortexing and incubating at 56 °C for 10 minutes. After the 
addition of 200 pi of absolute ethanol, the mixture was transferred to a QiaAmp spin 
column and centriftiged at 6,000 x g  for one minute. The flow through was discarded.
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and 500 pi Buffer AWl added before centrifuging at 6,000 x g  for one minute. 500 pi 
of Buffer AW2 was added to the column, and the column centriftiged at 12,000 x g  
for three minutes. The column was placed into a fresh collection tube, and the DNA 
eluted by the addition of 1 0 0  pi of water, incubation at room temperature for one 
minute followed by centrifugation at 6 , 0 0 0  x g  for one minute.
2.6 Virus and cell culture
2.6.1 Virus isolates
Virus isolates selected for study were available in the ASFV collection held at the 
lAH Pirbright and CIS A Madrid. These isolates include the Nu 8 6 , Nu 90/1, Ori 90, 
Nu 84, Nu 8 6 , Nu 95/4, Ori 85 and Nu 79 isolates from Sardinia provided by Drs 
Domenico Rutili and Alberto Laddomada. The Vis 8 6 , Tom 8 6 , Por 8 6 , Coi 8 6 , Mon 
84, San 8 6 , Lis 60 isolates from Portugal were provided by Dr J. Vigario, Laboratorio 
Nacional de Investiga^ao Veterinaria (LNIV), Lisbon. The Our T88/1, Our T91/1, 
Our T88/2, Our T88/3 isolates were provided by Prof. Fernando Boinas, Faculdade de 
Medicina Veterinaria (FMV), Universidade Tecnica de Lisboa, Lisbon. The Port 99, 
Cape Verde 93 and Guinea 92 isolates were obtained from Dr Fernando Portugal 
LNIV, Lisbon. Additional isolates analysed were available from virus collections 
held at lAH and CISA, and included from Europe; Belgium (Bel 85), France ( Fr 64), 
Holland (Hoi 8 6 ), Malta (Mai 78), Portugal (Lis 57, Por 63, Cas 8 6 , Tom 87, Port 99), 
Sardinia (Ca 78, Nu 79, Ss 81, Nu 81/1, Ori 84, Ca 85, Ss 8 8 , Nu 88/3, Nu 90/2, Nu 
91, Nu 91/3, Nu 91/5, Nu 93, Ori 93, Nu 95/1, Nu 93, Ori 93, Nu 95/1, Nu 96, Ca 97, 
Nu 97, Nu 98), Spain (Ali 61, M 61, Co 61, Co 62, Mad 62, Ba 6 8 , E70, Ba71V, 
Av71, B74, E75, Val 76, Mu 82, Zar 85, Sa 8 8 , Se 8 8 , Hu 90, Hu 94, 646), the 
Caribbean and South America; Dominican Republic (Dom Rep), Haiti (Haiti, Hai 81)
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and Brazil (Brazil 78); and Africa; Angola (Ang 70, Ang 72) Benin (Ben 97/1, 97/2, 
97/3, 97/4, 97/5, 97/6), Botswana (Bots 1/99) Burundi (Bur 84/1, 84/2, 90/1), 
Cameroon (Cam 82, Cam 85/4), Cape Verde (CV97, CV 98), Ivory Coast (Cm 96), 
Kenya (Hinde II), Malawi (NDA 90/1, Zom 84/2, MwLil 20/1, Mai 78), Mozambique 
(Moz 64, Moz 94/1), Nigeria (Nig 01), Senegal (Dakar 59), Tanzania (KWH12), 
Uganda (Uga 95/3, Uga 95/1), Zaire (Kat 63,Kat 67), Zambia (Kal 88/1, Jon 89/13, 
Kav 89/1) and Zimbabwe (Viet 90/1).
Details of European, South American, Caribbean and African isolates are listed in 
Table 2.3, and details of African isolates are listed in Table 2.4.
2.6.2 Amplification and concentration of virus stocks
The growth medium was removed from a 5 ml suspension of PBM cells (7 logio cells 
ml'^) in a tissue culture grade 25 cm^ flask (Falcon). The cells were washed once in 
serum-free Earles Saline medium before inoculation of the flask with an isolate of 
ASFV. Serum-free Earles Saline medium was added to a total volume of 3 ml and the 
flask incubated at 37 °C in the presence of 5 % CO2 . After 1 hour, the flask was 
supplemented with 3 ml of fresh Earles Saline medium containing 10% fetal calf 
serum (PAA Laboratories) and incubated at 37°C in the presence of 5 % CO2 for 5-6 
days. The medium was transferred to a Falcon tube and centrifuged at 3,500 x g for 
15 minutes in a Sorvall Heraeus Legend RT centrifuge to remove cell debris. 
Supernatants were stored at 4 °C for short term storage or - 70 °C for long term 
storage.
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Table 2.3 Summary of European, Caribbean and South American isolates used 
in this study
Isolate names are given in column A and the country from which they originate are 
given in column B. The year of isolation is shown in column C and the animal from 
which the isolate was isolated is given in column D. Column E states the reference 
for the isolate. lAH; Institute for Animal Health, Pirbright, UK. LNIV; Laboratorio 
Nacional de Investiga^ao Veterinaria (LNIV), Lisbon, Portugal. CISA; Centro de 
Investigacion en Sanidad Animal, Madrid, Spain. T/C; tissue culture adapted isolate. 
P/C; personal communication.
Isolate (A) Country (B) Year(C) Origin (D) Reference (E)
European Isolates
Bel 85 Belgium 1985 Pig lAH
Fr 64 France 1964 CISA
Hoi 85 Holland 1985 PiK lAH
Malta 78 Malta 1978 Pig (Wilkinson, 1980)
Lis 57 Portugal 1957 Pig Dr J Vigario, LNIV
Lis 60 Portugal 1960 Pig Dr J Vigario, LNIV
Por 63 Portugal 1963 Dr J Vigario, LNIV
NHP6 8 Portugal 1968 Pig Dr J Vigario, LNIV
Mon 84 Portugal 1984 Pig Dr J Vigario, LNIV
Cas 8 6 Portugal 1986 Pig Dr J Vigario, LNIV
Coi 86 Portugal 1986 Dr J Vigario, LNIV
Por 8 6 Portugal 1986 Pig Dr J Vigario, LNIV
San 8 6 Portugal 1986 Pig Dr J Vigario, LNIV
Tom 8 6 Portugal 1986 Pig Dr J Vigario, LNIV
)As86 Portugal 1986 Pig Dr J Vigario, LNIV
Tom 87 Portugal 1987 Tick (pig) Dr J Vigario, LNIV
Our T88/1 Portugal 1988 Tick (pig) (Boinas et al., 2004)
Our T88/2 Portugal 1988 Tick (pig) (Boinas et al., 2004)
Our T88/3 Portugal 1988 Tick (pig) (Boinas et al., 2004)
Our T91/1 Portugal 1991 Tick (pig) (Boinas et al., 2004)
Port 99 Portugal 1999 Tick (pig) Dr Fernando Portugal LNIV
Ca78 Sardinia 1978 Pig CISA
Nu 79 Sardinia 1979 Pig Dr A Lattumado
Ss81 Sardinia 1981 Pig CISA
Nu81/1 Sardinia 1981 Pig Dr A Lattumado
Nu 84 Sardinia 1984 Wild Boar Dr A Lattumado
Ori 84 Sardinia 1984 Pig CISA
On 85 Sardinia 1985 Pig CISA
Ca85 Sardinia 1985 Pig CISA
Nu 8 6 Sardinia 1986 Pig lAH
Ss88 Sardinia 1988 Pig lAH
N u88# Sardinia 1988 lAH
Nu 90/1 Sardinia 1990 Pig lAH
Nu9&2 Sardinia 1990 Pig lAH
Ori 90 Sardinia 1990 Pig lAH
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Isolate (A) Country (B) Y ear(C) Origin (D) Reference (E)
Nu91 Sardinia 1991 Pig CISA
Nu 91/3 Sardinia 1991 Pig CISA
Nu 91/5 Sardinia 1991 CISA
Nu 93 Sardinia 1993 Pig (Mannelli et al., 1998)
Ori 93 Sardinia 1993 Pig CISA
Nu 95/1 Sardinia 1995 Pig CISA
Nu 95/4 Sardinia 1995 Pig CISA
Nu 96 Sardinia 1996 Pig CISA
Ca97 Sardinia 1997 Pig CISA
Nu 97 Sardinia 1997 Pig CISA
Nu 98 Sardinia 1998 Pig CISA
Ali 61 Spain 1961 Pig CISA
M61 Spain 1961 Pig CISA
Co 61 Spain 1961 Pig CISA
Co 62 Spain 1962 Pig CISA
Mad 62 Spain 1962 Pig CISA
B a 6 8 Spain 1968 Pig CISA
Co 6 8 Spain 1968 Pig CISA
E70 Spain 1970 Pig CISA
Ba71V Spain 1971 T/C
Av71 Spain 1971 Pig CISA
B74 Spain 1974 Pig J. Plana, PC
E75 Spain 1975 Pig (Sanchez-Vizcaino et al..
Val 76 Spain 1976 Pig lAH
Mu 82 Spain 1982 Pig lAH
Zar 85 Spain 1985 Pig lAH
S a 8 8 Spain 1988 Pig (Perez-Sanchez et al..
Se 8 8 Spain 1988 Pig CISA
Hu 90 Spain 1990 Pig CISA
Hu 94 Spain 1994 Pig CISA
646 Spain 1969 Pig CISA
South American and Caribbean Isolates
Brazil 78 Brazil 1978 Pig (Mebus et al., 1978)
Dom Rep DominicanRepublic 1978 Pig
(Mebus et al., 1978)
Haiti Haiti 1981 Pig CISA
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2.6.3 Virus DNA extraction from supernatants from infected cells
Cell culture supernatants were removed from infected PBM or alveolar macrophage 
cells and transferred into Falcon tubes. Cell debris was removed by centrifugation at 
3,500 X g for 10 minutes in a Sorvall Heraeus Legend RT centrifuge. Virus DNA was 
extracted using the GFX PCR and DNA Gel Band Purification Kit (Amersham 
Biosciences, Product code 27-9602-01) as described in the manufacturer’s guidelines 
following the protocol purification of DNA from solution.
2.6.4 Virus titration by haemadsorption assay
Cells were plated in 96 well tissue culture grade microtitre plates (Sigma Aldrich, 
UK) by adding 100 pi of a 7 logio cell suspension mf^ of PBM cells per well and 
were washed three times with PBS, and the supernatant discarded. Ten-fold dilutions 
of samples to be titrated were made in Earles Saline medium. 50 pi of each dilution 
was added to each of four wells of the 96 well microtitre plate, 200 pi of medium was 
then added to each well, the plate sealed with adhesive film, and incubated at 37 °C 
overnight. The media was removed from each well and 200 pi of Earles Saline 
medium with 10 % fetal calf serum (PAA Laboratories), containing 0.5 % washed 
homologous pig red blood cells were added to each well. The plate was resealed and 
incubated at 37°C. Cells were examined daily for haemadsorption for 6  days. Virus 
of a known titre was used as a positive control and uninfected cells were used as a 
negative control. Cells were viewed by light microscopy using a Nikon model TMS. 
The virus titre was estimated using the Reed and Muench method (Reed & Muench, 
1938) and the titres were expressed as logio 50% haemadsorbing units (HAD50) m f' or 
tick"’.
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2.6.5 Virus titration by immunofluorescence
Cells were plated in 96 well tissue culture grade microtitre plates (Sigma) by adding 
100 pi of a 7 logio cell suspension ml'^ of PAM cells per well and were washed three 
times with PBS and then the supernatant was discarded. Ten-fold dilutions of sample 
were made in RPMI + HEPES medium. 50 pi of each dilution was added to each of 
four wells of the 96 well microtitre plate. 200 pi of RPMI + HEPES medium was 
then added to each well, the plate sealed with adhesive film, and incubated at 37 °C 
overnight. The media was removed from each well, and the cells washed once with 
PBS. Eight percent acetone was added to each well, and the plate incubated at room 
temperature for 15 minutes. The acetone was discarded, and 50 pi of mouse 
monoclonal anti-p30 antibody (a gift of Prof. Jose Eseribano, IMA, Madrid) was 
added to each well, at a 1:10 dilution. The plate was incubated at room temperature 
for one hour. The primary antibody was decanted, and the plate washed vigorously 
three times with PBS. 50 pi of Alexa Fluor 488 conjugated goat anti-mouse antibody 
(Molecular Probes, Oregon) was added to each well, and the plate incubated for one 
hour at room temperature. The secondary antibody was decanted and washed three 
times with PBS. The tissue culture-adapted isolate Ba71v of a known titre was used 
as a positive control when titrating virus on PAM cell cultures. Uninfected cells were 
used as a negative control. The virus titre was estimated using the Reed and Muench 
method (Reed & Muench, 1938) and the titres were expressed as logio 50% tissue 
culture infectious dose (TCID50) mf^ or tick'\ Immunofluorescence microscopy was 
performed using a Nikon Eclipse TE300 fluoresence microseope.
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2.7 Statistical Analysis
To reduce the probability of a Type I error, One-Way ANOVA was performed to test 
differences between groups classified on one independent variable. Tukey’s multiple 
comparison post test was applied to all set pairwise comparisons to allow for unequal 
sample sizes between groups. Values for each ANOVA and comparison test are 
located in Appendix II.
2.7.1 Analysis of mean titres recovered from O. erraticus ticks experimentally 
infected with the Portugal 99 isolate
Differences between means of logio virus titres obtained at each time point following 
experimental infection were analysed by One-Way ANOVA with Tukey’s multiple 
comparison post analysis test using the Minitab Statistical Package, Version 15.0 
(Coventry, UK). Results with p < 0.05 were considered statistically different. In 
groups where p > 0.05, results were not considered statistically significant.
2.7.2 Analysis of titres recovered from individual O. erraticus ticks 
experimentally infected with Lisbon 60, Nu 95/4, Recombinant 4, Recombinant 
34 and NH/P68 isolates
Differences between individual tick logio virus titres following experimental 
infections were analysed by ANOVA (General Linear Model) followed by Tukey’s 
multiple comparison test using the Minitab Statistical Package, Version 15.0 
(Coventry, UK). Results with p < 0.05 were considered statistically different. In 
groups where p > 0.05, results were not considered statistically significant.
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2.8 Buffers and solutions 
TAE (50X)
Tris 2M
Acetic Acid 5.7% v/v
EDTAatpH7.7 50 mM
PBS
NaCl 138 mM
KCl 2.70 mM
MgCl2 .6 H2 0 0.49 mM
KH2PO4 1.47 mM
Na2HP0 4 9.67 mM
CaCl2 .2 H2 0 6.80 mM
Earles Saline Medium
NaCl 1.16 M
KCl 53.64 mM
MgS04.7H20 8.12 mM
Glucose 5.56 mM
Na2HP0 4 H2 0 7.12 mM
CaCl2 .2 H2 0 17.96 mM
NaHCOs 26.19 mM
HEPES 40.96 mM
Phenol Red (0.1%) 15.0% v/v
Supplements:
Penicillin 50 U m l'
Streptomycin 50 [ig ml '
Agarose Gel Loading Buffer
Bromophenol blue 3.73 mM
Sucrose 1.17M
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3 Infection of O. erraticus ticks with European field isolates of ASFV
3.1 Introduction
3.1.1 ASF in Europe
ASF was first reported in Europe in 1957 after an outbreak occurred in Povia de Santo 
Andriao-Loures near Lisbon (Detray, 1961). Portugal was then ASF-free for three 
years, although a second epizootic occurred in the same region three years later in 
April of 1960. The disease then spread to Spain in May of 1960, and in later years to 
other European countries including France, Belgium, Sardinia and mainland Italy. 
ASF became enzootic in the Iberian Peninsula until the mid 1990’s although Portugal 
and Spain have been considered free of ASF since 1993 and 1995 respectively. 
However, a sporadic outbreak of disease occurred in the Alentejo region of Portugal 
in 1999 (Boinas et a l, 2001).
3.1.2 ASF in Sardinia and Portugal
ASF first occurred in southern Sardinia in 1978 and was allegedly introduced from the 
Iberian Peninsula via rubbish containing raw pork which was subsequently fed to pigs 
(Contini et a l, 1982). ASF was eradicated from the Southern part of the island, but an 
endemic area persists in the Province of Nuoro, in eastern-central Sardinia.
In Portugal, contact between susceptible and infected pigs, including asymptomatic 
carriers, was considered the most common transmission mechanism, but in regions of 
Portugal and Spain where the argasid tick O. erraticus is present, the tick was also 
associated with persistence and recurrence of disease. In fact, the first demonstration 
of a connection between ASFV and Ornithodoros ticks was established in Spain after 
an outbreak of disease (Sanchez Botija, 1963). Later, several different studies 
supported the role of these ticks in the maintenance of the disease in the Iberian
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Peninsula. During the 1980s, based on epidemiological information, 5 % of ASF cases 
in Spain were attributed to arthropods (Ordas et al., 1981), while in Portugal viruses 
of different virulence were isolated from ticks collected in the field (Boinas, 1994, 
Boinas et al., 2004, Louza et al., 1989). Furthermore, by detecting antibodies against 
tick salivary antigens to identify farms infested by O. erraticus, Pérez-Sânehez et al. 
(1994) have shown a statistically significant association between the presence of the 
argasid and the persistence of ASF in the province of Salamanca in Spain.
A different transmission mechanism exists in Sardinia since Ornithodoros spp. ticks 
are not found on the island (Ruiu et al., 1989). African swine fever is endemic in 
free-ranging domestic pigs and wild boar {Sus scrofa ferus) living in the province of 
Nuoro (Laddomada et al., 1994). In this mountainous region, the rough topography of 
grazing areas, where pigs may join different herds, the uncontrolled introduction of 
pigs from unknown sources and the feeding to pigs of waste food containing pork are 
all considered major factors in the persistence of ASFV (Contini et al., 1982, 
Wilkinson, 1984).
Previous work investigating the role of O. erraticus as a potential reservoir of ASFV 
has involved studying the ability of Portuguese isolates to persist in the tick vector 
after membrane feeding or inoculation (Boinas, 1994). One aim of this project was to 
investigate the ability of a broader selection of ASFV isolates to persist in O. erraticus 
in order to determine the capacity of this species to act as a vector and to provide a 
reservoir of disease for recent ASFV isolates.
O. erraticus ticks, collected from unaffected farms in the region of Alentejo, Portugal, 
were infected by membrane feeding with different ASFV isolates. Two Portuguese 
isolates and one Sardinian isolate were selected for further study.
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The Lisbon 60 isolate was isolated from a domestic pig infected during the second 
Portuguese ASF outbreak in 1960. This isolate is a haemadsorbing (HAD), virulent 
isolate of ASFV. In vitro infections of other Ornithodoros species including O. 
coriaceus, O. turicata, ticks indigenous to the United States (Groocock et al., 1980, 
Hess et al., 1987) and O. puertoricensis, native to the Caribbean (Groocock et a l, 
1980, Hess et a l, 1987) have shown that Lisbon 60 is able to persist in these ticks for 
periods over 1 year (Hess et a l, 1987). No study has been performed which has 
investigated the ability of Lisbon 60 to persist in O. erraticus ticks which are native to 
the region where this outbreak occurred.
A second isolate selected for further study was the Portugal 99 isolate. The source of 
the Portugal 1999 outbreak that occurred 6  years after Portugal was declared ASF-free 
is not known. The outbreak occurred on a traditional rural pig farm where O. 
erraticus infected with ASFV were identified both at the time of the outbreak, and up 
to 14 months after the outbreak (Basto et a l, 2006). One possible source of the 
outbreak was considered to be ticks which had remained persistently infected from the 
time when ASF was endemic in the region.
The third isolate selected for study is Nu 95/4, an isolate collected in 1995 from 
Mamoide, Nuoro, Sardinia, and is the most recent Sardinian isolate in the lAH- 
Pirbright collection. Since O. erraticus ticks are not found on Sardinia, experimental 
infections were performed to determine whether the efficieney of this isolate in 
establishing an infection in tick populations was similar to isolates which circulated in 
regions where no tick vector is present.
Ticks were experimentally infected with these isolates and the pereentage from which 
virus was isolated and virus titres in ticks were determined at different times post­
infection.
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Experimentally, ASFV has been shown to persist up to 20 weeks post ingestion (WPI) 
in O. erraticus (Boinas, 1994), and consequently time points up to and exceeding this 
duration were selected for study. In the previous study, feeding with virus titres 
exceeding 3 . 8  logio TClD$o or HAD50 ml"^  resulted in persistent infeetions whereas 
feeding with titres of below this value did not result in persistent infections (Boinas, 
1994). In the present study, tieks were therefore infeeted by membrane feeding with 
two viral titres exceeding this value, 4 and 6  logic HAD50 m f\
Studies in O. erraticus have revealed that it is significantly less likely that virus would 
be recovered from the smaller nymphal stages (N1-N4) than in the large nymph stages 
(N5) and adults (Boinas, 1994). The N5 and males and females were therefore ehosen 
to be the reference stages since they were more easily identifiable and made up a 
higher proportion of the tick population.
3.2 Results
3.2.1 Evaluation of the amount of infectious blood meal ingested by membrane 
fed O. erraticus ticks
To determine the amount of virus ingested by individual tieks, the average volume of 
blood meal ingested was estimated (Table 3.1). After being anaesthetised, 20 
individual ticks of each developmental stage were weighed before membrane feeding 
and again after engorgement but before the excretion of coxal fluid. The volume of 
the blood meal could then be determined. Fifty pi mixtures of blood in dilution media 
were weighed and the average weight of 1 pi was found to be 0.976 mg. The average 
blood meal of the N5 was 1.86 pi (SEM 0.47), of the males it was 2.47 pi (SEM 0.56) 
and of the females it was 20.2 pi (SEM 4.02). The largest variation between the
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Table 3.1 Measurement of blood ingested during a blood meal by the 
developmental stages of Ornithodoros erraticus
Ticks were fed in groups of 20 of the same sex or developmental stage. Ticks were 
marked such that they were individually distinguishable and were weighed 
individually before and after feeding through an artificial membrane. Twenty 50pl 
aliquots of blood and virus mixtures were weighed, and an average of Img of blood 
and virus mixture was calculated to be equivalent to a volume of 1.0245pl. The 
average volume of blood ingested is indicated in column B and the standard error of 
the mean (SEM) in column C. The titre of virus ingested for two different virus 
concentrations are indicated in column D (higher virus concentration) and column E 
(lower virus concentration).
Developmental
Stage
A
Average 
volume of 
blood 
ingested (pi)
B
SEM
C
Titre of blood meal
6  logio 
HADso ml ^
4 logic 
HADso ml ^
logic HADso 
per bio
D
units ingested 
od meal
E
Male 2.47 0.57 3.4 1.4
Female 2 0 . 2 4.12 4.3 2.3
Nymph L 8 6 0.69 3.3 1.3
-74-
partially and fully engorged ticks was observed in the females. The largest blood 
meal ingested was up to 45.6 p.1 corresponding to a mass of 44.5 mg. These 
engorgement values and variations are similar to those previously observed in O. 
erraticus (Boinas, 1994). Based on the results obtained for the average volume of 
blood meal ingested, the amount of virus ingested during experimental infections was 
estimated. For female ticks the average titre of virus ingested would be 4.3 logio 
HAD50 tick'^ for those fed on a blood meal containing 6  logio HAD50 rnf', and 2.3 
logio HAD50 tiek'^ for those fed on 4 logio HAD50 m f \  The corresponding figures for 
male ticks would be 3.4 and 1.4 logic HAD50 tick'’ and for N5 would be 3.3 and 1.3 
logic HADsc tick'’ respectively.
3.2.2 Experimental infections of O. erraticus with Portugal 99 isolate.
O. erraticus ticks were membrane fed the Portugal 99 isolate diluted in heparanized 
pig blood at a titre of either 4 or 6  logic HADsc ml ’. At 4, 6 , 10, 20, 41 and 61 weeks 
post-ingestion (WPI), ticks were homogenised and the virus titre present in individual 
whole tick extracts estimated by haemadsorption assay by limiting dilution 
inoculation in pig bone marrow cell cultures.
Infection rates for membrane-fed ticks were generally 100 % until 20 WPI (Table 
3.2), independently of the virus titre in the blood meal. However, infection rates of 
between 50 and 8 8  % were recorded for four out of the twenty three groups analysed. 
These lower infection rates occurred in females at 4 WPI (both meal titres) and N5’s 
at 10 WPI (both meal titres). From the eight groups of ticks analysed at either 41 or 
61 WPI, infection rates of 100 % were recorded in only three groups; the females fed 
the higher titre virus at 41 WPI, the N5s fed the lower titre virus at 41 WPI and the 
males fed the higher titre virus at 61 WPI. The remaining groups of ticks had
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Table 3.2 Analysis of ASFV infection rates in O. erraticus ticks fed on blood meals containing 
different titres of Portugal 99 virus at various times post-feeding.
Ticks were membrane fed in groups o f  20 on pig blood containing diluted virus using sterile tick feeders. 
Ticks were maintained at 27-28 °C with a relative humidity o f  85 % until the weeks indicated post-infection  
(W eeks p.i.). Only ticks alive at the time o f  harvesting (column A) were used for titration. Column B 
indicates the developmental stage o f  the ticks and the number o f  ticks tested at the time o f  harvesting are 
indicated in column C (high virus blood meal concentration) and column H (low  virus blood meal 
concentration). The number and percentage o f  ASFV -positive ticks by virus isolation are shown in columns 
D and E (high virus blood meal concentration) and columns 1 and J (low  virus blood meal concentration) 
respeetively. Mean titres are shown in columns F and K (high and low  blood meal concentration 
respectively). Titres are expressed as logio H AD 5 0  tick"' and were estimated using the method by Reed and 
Muench (Reed & M uench, 1938). Standard errors o f  the mean (SEM ) are indicated in columns G and L 
(high and low  blood meal concentration, respectively). N D , not done; N /A  not applicable.
Initial Titre of Blood Meal
6 logio HAD 50ml^ 4 logio HAD 50 ml*
Weeks Stage Ticks Ticks +ve Mean SEM Ticks
Ticks 4-ve SEM
p.i. tested n % titre tested n % titre
A B C D E F G H 1 J K L
Males 2 2 100 4^8 0.37 1 1 100 4TW N/A
A Females 4 4 100 4j# 0.65 4 4 100 5T9 0T24 N5 7 7 100 4.27 0.18 2 2 100 5TW 025
Total 13 13 100 4.32 0.21 7 7 100 4.96 0.18
Males 2 2 100 3.50 1.74 2 2 100 4j# 027
Females 2 1 50 5TW N/A 3 2 67 5.63 027
0 N5 5 5 100 5.00 (146 5 5 100 4.95 0A6
Total 9 8 89 4.62 0.49 10 9 90 5.08 0.28
Males 2 2 100 4.20 0 1 1 100 4.50 N/A
10 Females 5 5 100
4.95 0.19 3 3 100 5JW 0
N5 5 4 80 4.20 0.21 8 7 88 4^2 026
Total 12 11 92 4.54 0.16 12 11 92 4.98 0.24
Males 1 1 100 5J# N/A 4 4 100 5.06 026
Females 3 3 100 5T3 0T8 3 3 100 4.83 0 . 6 620 N5 0 N/A N/A N/A N/A 2 2 100 5.00 0.50
Total 4 4 100 5.07 0.13 9 9 100 4.97 0.24
Males 2 1 50 3J^ N/A 2 1 50 3.00 N/A
Females 6 6 100 3J4 0.13 4 0 0 N/A N/A41 N5 3 1 33 3.00 N/A 1 1 100 2.75 N/A
Total 11 8 73 3.19 0.10 7 2 29 2.88 0.13
Males 1 1 100 2.75 0 ND N/A N/A ND N/A
61 Females 0 N/A N/A
N/A N/A ND N/A N/A ND N/A
N5 3 2 67 3.25 OJ^ ND N/A N/A ND N/A
Total 4 3 75 3.20 0.22 ND N/A N/A ND N/A
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infection rates of between 0 and 67 %. Thus, there was a tendency for the percentage 
of infected ticks to decrease at 41 and 61 WPI but there was no obvious difference in 
infection rates among males, females or N5s.
Table 3.2 records the means of logio-transformed virus titres recovered from males, 
females and N5s at different times post-feeding. With the exception of the females fed 
the higher titre of virus, the average amount of virus recovered per tick at the first 
time-point (4 WPI) were higher than the amount of virus estimated to be ingested per 
blood meal (Table 3.1) and therefore indicates that viral replication had occurred. 
Thus ticks fed with the lower virus titre ingested 1.3 to 2.3 logio HAD50 tick"’ and 
virus titres of up to 5.63 logic HAD50 tick"’ were recovered. Ticks fed with the higher 
virus titre ingested between 3.3 and 4.3 logic HAD^c tick"’ and virus titres of up to 5.2 
logic HADsc tick"’ were recovered. Moreover in previous studies the period that blood 
meals persist in the tick gut has been estimated to be less than 4 weeks (Plowright et 
al., 1970) and provides a further indication that virus isolated longer than 4 weeks 
after feeding is as a result of viral replication rather than virus remaining in the gut 
with the remnants of the blood meal.
Considering that viral titres obtained at each time-point were very similar among 
males, females and N5  nymphs, data from the different developmental stages were 
combined (Figure 3.1).
A similar variation of virus titre with time was observed for ticks fed both titres of 
virus (blood meal with 4 logic or 6  logic HAD^c ml"’). Mean titres fluctuated from 
4.32 to 5.08 logic HAD5C tick"’ between 4 and 20 WPI, with ANOVA followed by 
Tukey’s multiple comparison test showing no significant difference between groups. 
From 2 0  to 41 WPI a decrease in mean titre to around 3 logic FIAD$c tick"’ was 
observed in ticks infected with both virus titres. ANOVA followed by Tukey’s
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Figure 3.1 Titres of ASFV recovered from experimentally infected Ornithodoros 
erraticus ticks at various times post feeding.
Groups of adults and N5 ticks were infeeted by membrane feeding with two different 
titres of the Portugal 99 ASFV isolate. At different weeks post ingestion ticks were 
homogenised and titres of virus in individual tieks were determined by 
haemadsorption assay and were estimated using the method by Reed and Muench 
(Reed & Muench, 1938). Data from different developmental stages were combined 
and the means of the logio - transformed virus titres and standard errors are indicated.
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multiple comparison test showed a statistically significant difference between each 
one of the mean titres obtained in the earlier time-points when compared to mean 
titres at 41 WPI. The ticks fed with the lower titre of virus were not tested at 61 WPI, 
but in ticks fed the higher titre of virus a slight fiirther decrease in mean titre occurred 
at 61 WPI.
At each time-point tested, there was no statistically significant difference between 
mean titres from ticks fed blood meals with high or lower virus titres.
3.2.3 Experimental infections of O. erraticus with Lisbon 60 isolate.
O. erraticus ticks were membrane fed with the Lisbon 60 isolate diluted in 
heparanized pig blood at a titre of 6  logio HAD50 m l'\ At 20 and 28 WPI ticks were 
homogenised and the virus titres present in individual whole tick extracts estimated by 
haemadsorption assay by limiting dilution inoculation in pig bone marrow cell 
cultures. Table 3.3 records the means of logic-transformed virus titres recovered from 
males, females and N5s at 20 and 28 weeks post-feeding. All of the groups tested 
exhibited mean viral titres that exceed the number of HAD50 units that would be 
ingested during the initial infectious blood meal (Table 3.1). Infection rates of 100% 
were observed in both groups of ticks tested at 20 WPI, although this rate decreased to 
0% and 50% in the three groups of ticks tested at 28 weeks post ingestion. Tick titres 
significantly decreased between 20 and 28 WPI, although no significant difference 
was found to occur between titres recovered from adult or N5 ticks at either time 
point.
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Table 3.3 Analysis of ASFV infection rates in O. erraticus ticks fed on blood 
meals containing different titres of Lisbon 60 virus at various times post-feeding.
Ticks were membrane fed in groups of 20 on pig blood containing diluted virus using 
sterile tick feeders. Ticks were maintained at 27-28 °C with a relative humidity of 85 
% Only ticks alive at the time of harvesting (column A) were used for titration. 
Column B indicates the developmental stage of the ticks and the number of ticks 
tested at the time of harvesting are indicated in column C. The number and 
percentage of ASFV-positive ticks by virus isolation are shown in columns D and E. 
Mean titres are shown in column F. Titres are expressed as logio HAD50 tick'^ and 
were estimated using the method by Reed and Muench (Reed & Muench, 1938). 
Standard deviations are indicated in columns G . ND, not done; N/A not applicable.
6  logic HAD50 ml ^
Weeks
p.i. Stage Ticks
Ticks +ve Mean
SEM
tested n % titre
A B C D E F G
Males 0 0 0 N/A N/A
2 0
Females 2 2 1 0 0 4.49 0.35
N5 3 3 1 0 0 4.17 0.24
Total 5 5 1 0 0 4.32 0 . 2 1
Males 3 0 0 N/A N/A
28
Females 1 0 0 N/A N/A
N5 6 3 50 3.42 0.24
Total 1 0 3 30 3.35 0 . 2 1
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3.2.4 Experimental infections of O. erraticus with the Sardinian isolate Nu 95/4
O. erraticus ticks were membrane fed the Nu 95/4 isolate diluted in heparanized pig 
blood at a titre of 4 or 6  logio HAD50 m f \  At 12 and 20 WPI ticks were homogenised 
and the virus titre present in individual whole tick extracts estimated by 
haemadsorption assay by limiting dilution inoculation in pig bone marrow cell 
cultures (Table 3.4). To determine whether ticks were ASFV positive as a result of 
ticks developing an infection following the ingestion of an infective bloodmeal or 
whether virus was being transmitted sexually between ticks, one group of ticks fed at 
a titre of 4  logio HAD50 m f' were kept separate from each other and harvested at 2 0  
WPI.
Six of the eight groups of ticks tested had mean viral titre levels that exceed the 
number of HAD50 units that had been ingested along with the initial blood meal 
(Table 3.1). In the high titre fed tieks, an infection rate of 100% was observed in the 
group of ticks tested at 1 2  weeks post ingestion, which was maintained in both male 
and female adult tieks tested at 2 0  weeks post ingestion, although as the N5 group had 
an infection rate of 0 % at this time point, the mean infection rate decreased overall to 
67%. At the same time point, the group fed with the low virus titre had an infection 
rate of 60%, although the adult ticks exhibited an infection rate of 1 0 0 % whilst the N5 
group had an infection rate of 0%. Ticks fed the higher titre of virus were observed to 
contain titres that were significantly higher than those ticks fed the lower titre of virus. 
At 20 WPI, mean viral titres of ticks kept individually were compared to those of ticks 
kept in groups. No significant difference was observed between ticks kept 
individually and those kept in groups after ingestion of a blood meal of 4 logio HAD50 
ml"'.
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Table 3.4 Analysis of ASFV infection rates in O, erraticus ticks fed on blood 
meals containing different titres of Nu 95/4 virus at various times post-feeding.
Ticks were membrane fed in groups of 20 on pig blood containing diluted virus using 
sterile tick feeders. Up to the time of harvesting, ticks were maintained at 27-28 °C 
with a relative humidity of 85 %. Only ticks alive at the time of harvesting (column 
A) were used for titration. Column B indicates the developmental stage of the ticks 
and the number of ticks tested at the time of harvesting are indicated in column C 
(high virus blood meal concentration) and column H (low virus blood meal 
concentration). The number and percentage of ASFV-positive ticks by virus isolation 
are shown in columns D and E (high virus blood meal concentration) and columns I 
and J (low virus blood meal concentration) respectively. Mean titres are shown in 
columns F and K (high and low blood meal concentration respectively). Titres are 
expressed as logio HAD50 tick‘d and were estimated using the method by Reed and 
Muench (Reed & Muench, 1938). Standard deviations are indicated in columns G 
and L (high and low blood meal concentration respectively). ND, not done; N/A not 
applicable.
Initial Titre of Blood Meal
6 logic HAD50 ml' 4 logic HADso ml'*
Weeks
p.i.
A
Stage
B
Ticks
tested
Ticks +ve Mean 
titre
F
n
D
%
E
SEM
G
Ticks Ticks +ve Mean
tested 0/^  titre
H I J  K
%
SEM
L
12
Maies
Females
N5
Total
N/A N/A 
2 100
N/A N/A 
2 100
N/A
3.64 
N/A
3.64
N/A
0.09
N/A
0.09
ND
20
Maies
Females
N5
Total
100
100
0
67
4 j6
N/A
4.22
0.18
Oj#
N/A
0.21
4
3
3
10
100
100
0
60
2jO
123
N/A
3.01
0
0.14
N/A
0.15
Ticks kept individually:
20
Males
Females
N5
Total
ND
5 4 80 228 023
8 8 1 0 0 3.17 0.16
7 3 43 3.05 0 . 1 2
20 15 75 3.02 0.09
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3.2.5 Comparison of experimental infections of O. erraticus with the Sardinian 
isolate Nu 95/4, and the Portuguese isolates Lisbon 60 and Portugal 99
Titres from ticks that had been membrane fed with the Nu 95/4, Lisbon 60 or Portugal 
9 9  isolates diluted to 6  logio HAD50 ml * were compared at 2 0  weeks post ingestion. 
Using ANOVA followed by Tukey’s multiple comparison test, no significant 
difference in titre was observed between ticks that had been membrane fed the 
Sardinian isolate Nu 95/4 or the Portuguese Lisbon 60 isolate. However, titres from 
Portugal 99 infected ticks were found to be significantly higher than those ticks 
membrane fed the Nu 95/4 or Lisbon 60 isolates.
3.3 Discussion
This study involved experimental infections of O. erraticus with three field isolates of 
ASFV, one from 1960 and two recent isolates from Sardinia and Portugal. Previous 
work has shown that there are large differences in the efficiency with which different 
ASFV isolates infect O. moubata tick populations (Kleiboeker et a l, 1998b, 
Kleiboeker & Scoles, 2001). The minimum dose for efficient infection varied from 
less that 2 to 5 logio HAD50 per tick depending on the virus isolate (Plowright et a l, 
1970). Variation in efficiency of causing a persistent infection has previously been 
observed in O. erraticus infected with the HAD virulent isolates Tomar 87 and Our 
T88/1 and the non-HAD isolate Our T88/2 (Boinas, 1994). In the current study Nu 
95/4 isolates established a persistent infection in populations of O. erraticus. Ticks 
fed the Portugal 99 isolate were found to have significantly higher titres than those 
ticks membrane fed the Sardinian isolate Nu 95/4 or the Portuguese Lisbon 60 
isolates.
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The data from experimental infections demonstrate that the Portugal 99 isolate is able 
to replicate and persist in O. erraticus and that, under laboratory conditions, the 
threshold for establishment of infection in a high percentage of N5 and adult ticks is 
surpassed when this virus is ingested from a blood-meal with a titre equal or above 4 
logio HAD50 ml *. Boinas (1994) assayed transmission of virus to pigs and showed 
that ticks persistently infected with virus titres of exceeding 4.0 logic HAD50 ml * 
were likely to transmit virus to pigs during feeding. Although not investigated in this 
study, possible feeding with titres of virus lower than 4 logic HADsc ml * may result 
in a smaller percentage of ticks being infected (Kleiboeker et al., 1998a, Kleiboeker et 
al., 1999). Viraemic titres ranging from 2 - 3  logic HADsc ml * in young warthogs 
(Thomson et al., 1983, Thomson et al., 1980) are sufficient to infect a low percentage 
of naïve ticks that feed on these warthogs (Plowright et al., 1970, Thomson, 1985). 
Virus titres of up to 5 -  7 logic HADsc ml * have been measured in blood from 
bushpigs infected with the Malawi isolate (Oura et al., 1998). In domestic swine, 
titres of between 6 - 8  logic HADsc ml * have been observed (Boinas et al., 2004, 
Oura et al., 1998) in pigs infected with highly virulent isolates, whilst with less acute 
infections, as with the Malta 78 virus (Wilkinson, 1980), viraemia equal to or greater 
than 6  logic HADsc ml * was detected up to 2 1  days post infection and declined to 5 
logic HADsc ml * by one month post infection.
Experimental infections of O. moubata ticks have shown that virus recovered from 
live ticks up to one month after virus ingestion could represent survival of the 
ingested virus (Plowright et a l, 1970) and would not necessarily be evidence for viral 
replication. In the results presented here the titres of virus recovered from infected O. 
erraticus tieks at 4 weeks post-feeding increased when compared to the initial amount
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of virus ingested. This shows that viral replication had occurred by four WPI of an 
infective blood meal.
Higher titres (around 4 - 5  logio HAD50 tick'*) were maintained in almost 100 % of 
Portugal 99 infected ticks up to 20 weeks post-feeding, demonstrating the 
establishment of a persistent infection in a large majority of the tick population. Virus 
was still present at detectable levels in ticks until the end of the study, however, 
between 20 and 41 WPI, mean titres decreased from around 5 - 3  logic HADsc tick'* 
and were maintained at this level at 61 WPI. Infection rates of ticks decreased at 41 
WPI to 29 % and 73 % depending on the titre of the blood meal ingested (4 or 6 logic 
HADsc ml * respectively) and similar infection rates were observed for the high titre 
fed ticks at 61 WPI. These results suggest that 20 to 41 weeks is a critical period when 
reduction of virus in infected ticks is observed. Similar changes in mean titres are 
observed in ticks collected from the farm affected by the Portugal 99 outbreak up to 
56 weeks post outbreak (Basto et al., 2006). Following experimental feeding, virus 
titres of 4 - 5 logic HADsc tick * persisted up to 20 weeks whilst titres of up to 4.3 
logic HADsc tick * were found in ticks collected 28 weeks after the outbreak in 
Portugal. Furthermore, at 56 weeks post outbreak, viral titres had deereased to below
2.5 logic HADsc tick'* compared to mean titres of between 2.88 -  3.19 logic HADsc 
tick'* at 41 and 61 WPI. However, in the study by Basto et al. (2006), the low 
percentages of isolations obtained from ticks collected in the field contrast with the 
efficiency of infection observed in the laboratory. A possible explanation for this 
difference may be that the majority of the ticks in the field, with the exception of a 
small fraction mainly composed by large nymphs and adults, fed on infected blood 
with titres below the minimum dose used in experimental infections (4 logic HADsc
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ml'*). This might have oceurred because tieks did not feed during the peak of 
viraemia, or the viraemia in pigs did not reach a high level.
Similarly to the Portugal 99 experimentally infected ticks, a decline in mean viral titre 
was also observed between 20 and 28 WPI in tieks that were membrane fed with the 
Lisbon 60 isolate. The ability of Lisbon 60 to persist in O. erraticus up to 28 WPI is 
comparable to infections seen in other Ornithodoros sp with this isolate (Hess et al., 
1987). Further time points beyond 28 WPI would need to be tested in order to 
determine whether viral titres further decreased as observed in Port 99 infeeted ticks. 
However, the significant decrease in infeetion rate from 100% at 20 WPI to 30% at 28 
WPI in Lisbon 60 fed ticks supports the hypothesis based upon the Portugal 99 
infections that post 20 WPI is a critical period for the reduction in virus titres in tieks. 
Previous studies have suggested that a titre of 4 logio HAD50 tick * in total extracts 
from O. moubata ticks may indicate a threshold for virus transmission to pigs (P.J. 
Wilkinson & P.S. Mellor, unpublished observations cited by Haresnape & Wilkinson, 
1989). Similarly, Boinas (1994) demonstrated virus transmission to pigs following 
feeding of O. erraticus infected between 4.7 and 6.5 logic TCID5C tick'*. Since virus 
titres of between 4  and 5 logic HAD50 tick * persisted up to 2 0  weeks after 
experimental feeding with Portugal 99 and Lisbon 60, it is clear that O. erraticus may 
represent a significant risk of viral transmission to pigs. For ticks to transmit virus 
via the oral route, virus must enter and replieate within the gut cells before 
disseminating within the tick to the salivary glands. The salivary glands are an 
important secondary site of replication since an infected tick may transmit virus from 
the salivary gland when feeding.
At time-points later than 41 WPI from the Portugal 99 study, all the positive ticks 
have shown a titre below this threshold value for transmission, whilst Lisbon 60
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infected ticks have decreased below the threshold value by 28 WPI. Nevertheless, 
very small amounts of virus are necessary to cause parenteral infection in pigs, as by 
experimental intravenous inoculation, the ID50 can be less than 1 HAD50 (McVicar, 
1984), consequently a single infected tick feeding on a pig can infect virus, as 
demonstrated with O. erraticus (Boinas, 1994) and O. moubata (Plowright et al., 
1970).
With regard to Portugal 99, the results support the theory that O. erraticus contributed 
to recurrence of disease in the Iberian Peninsula before eradication took place. The 
results also suggest that Lisbon 60 is able to persist for long periods in O. erraticus, 
and as such had ticks become infected with this isolate at the time of the outbreak, 
these ticks may have become persistently infected and transmitted virus in later 
months or years giving rise to outbreaks. The significant difference in the titres 
observed between Portugal 99 and Lisbon 60 experimentally infected ticks, combined 
with the duration over which the Portugal 99 isolate can be recovered from O. 
erraticus ticks following experimental infection may indicate that this isolate is highly 
adapted to the tick vector compared to other Portuguese isolates. However, the 
experiments were carried out using ticks collected from farms in the region where the 
1999 outbreak occurred, and the Portugal 99 isolate may be well adapted to 
replicating in this tick population.
This study has shown that despite the lack of a tick vector on the island, a recent 
Sardinian isolate is able to persist in O. erraticus up to 28 WPI. In contrast to the 
situation in the Iberian Peninsula, attenuated strains of ASFV have not been isolated 
in Sardinia, inapparent or chronic forms of the disease have not been described and 
major genetic variations among virus isolates have not been detected (Laddomada,
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1991, Laddomada et a l, 1994, Nix et a l, 2006). The results indicate that the 
Sardinian Nu 95/4 isolate tested has retained its ability to replicate in the tick vector. 
The data strongly suggest that O. erraticus are to be considered relevant for the 
maintenance of ASFV following disease outbreaks, particularly in rural areas where 
infected ticks can come into contact with domestic pigs.
4 Infection of O. erraticus with recombinant haemadsorbing and parental non- 
haemadsorbing ASFV viruses
4.1 Introduction
4.1.1 Identification of potential ASF genes involved in infection of O. erraticus
In previous studies ten ASFV isolates from O. erraticus, colleeted from 3 farms in 
Alentejo, were characterised by their ability to cause haemadsorption, by their 
virulence in pigs and by restriction enzyme site mapping of the genomes (Boinas, 
1994). In addition experimental infections of O. erraticus with two of these isolates, 
Tomar 87 and Our T88/2, showed that these isolates vary in their ability to infect and 
replicate within the tick (Boinas, 1994).
Tomar 87 is a HAD, virulent isolate, and was obtained from an ASF outbreak in 
Tomar, a region north of the Tagus in 1987. Our T88/2 is a non-HAD, non- 
pathogenic isolate obtained from ticks collected from a farm in Ourique in 1988. The 
genome of Our T88/2 contains a 9 kbp deletion at the left hand end of the genome 
encompassing the MGFs 360 and 530, and a 1.6 kbp deletion at the right hand end of 
the genome when compared to Tomar 87 (Boinas, 1994). In addition the genes 
encoding the CD2v protein (BP402R) and lectin-like protein (EP153R) are disrupted 
in the genome of Our T88/2 (Chapman et al., unpublished results) and this explains 
the non-HAD phenotype. In the study by Boinas (1994), the HAD isolate, Tomar 87, 
was found to be equally efficient at infecting ticks by either membrane feeding or 
inoculation across the gut wall. In contrast, the non-HAD isolate. Our T88/2, was 
found to be more efficient at establishing a persistent infection when inoculated 
through the gut wall compared with membrane feeding (Boinas, 1994). At 10 weeks 
post ingestion 25% of ticks fed Tomar 87 at a titre of 5.0 logio HAD50 ml"* were
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positive for virus whilst in the same study, none of the ticks fed 5.3 logio TCID50 ml'* 
Our T88/2 isolate were positive (Boinas, 1994). Evidence that the gut provided a 
barrier to infection with the Our T88/2 isolate comes from experiments showing that 
only 11 % of ticks membrane fed Our T88/2 at a titre of 5.3 logio TCID50 ml * were 
positive for virus, compared to 83% of ticks in which the same titre of virus was 
inoculated into the haemocoel (Boinas, 1994). However the large number of genome 
differences between these two isolate make it difficult to define the molecular basis 
for their differences in efficiency in crossing the gut barrier. One possibility is that 
disruption of the CD2v gene and loss of the haemadsorption phenotype reduced the 
efficiency of virus uptake and replication in the tick. As discussed in Chapter 1, 
expression of the CD2v protein is required for adhesion of red blood cells to both 
virus infected cells and to extracellular virions.
4.1.2 ASFV field isolate NH/P68 and recombinant viruses Recombinant 34 and 
Recombinant 4
To investigate a potential role for CD2v in infection of the tick, experiments were 
performed using the non-HAD field isolate NH/P68 and two HAD recombinant 
viruses; Recombinant 34 (Rec 34) and Recombinant 4 (Rec 4) which had the NH/P68 
virus as parental virus.
NH/P68 does not express CD2v and is one of few non-HAD field isolates, and was 
isolated in Portugal from a chronically infected pig. It also contains a large 9 kbp 
deletion toward the left hand end of the genome, and a 1.6 kbp deletion toward the 
right hand end of the genome, and is closely related to the Our T88/2 isolate used in 
the tick infection experiments to ASFV infection (Leitao et al., 2001).
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Rec 34 and Rec 4 are independent recombinant isolates that were generated by 
homologous recombination of genome fragments encompassing the EP153R and/or 
EP402R genes from either ASFV Lisbon 60 or Ba71v isolates in macrophages 
infected with the NH/P68 isolate (Figure 4.1). Rec 34 is both HAD and non- 
pathogenic. Across its EP153R gene, it is identical to NH/P68 and has a frame shift 
mutation downstream from the stop codon. Although an N-terminal truncated C type 
lectin polypeptide may be expressed from a downstream ATG, this peptide would 
lack half of the transmembrane domain and would therefore not be expressed in the 
membrane (Duarte, 2000). Rec 34 encodes a truncated CD2v, with an N terminus 
identical to Lisbon 60. A frame-shift mutation downstream from the transmembrane 
domain truncates the C terminal domain which encodes the cytoplasmic tail of the 
protein. The Rec 4 isolate is also HAD. Across its EP153R gene it is identical to 
Lisbon 60 and Ba71v and encodes a functional lectin-like protein. Rec 34 encodes a 
truncated CD2v protein with an N terminus identical to Lisbon 60. Despite reports 
that a reduction in haemadsorption is observed in cells infected with ASFV deletion 
mutants lacking the EP153R gene, (Galindo et al., 2000), no differences were 
observed in the efficiency of haemadsorption of either Rec 4 or Rec 34 compared to 
the parental isolates Lisbon 60 or Ba71v (Duarte, 2000).
The aim of the work described in this chapter was to investigate a potential role for 
CD2v in infection of O. erraticus by infecting ticks with the non-HAD field isolate 
NH/P68 and the two HAD recombinants Rec 34 and Rec 4, which are derived from 
NH/P68.
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Figure 4.1 A schematic diagram to compare EP153R and EP402R open reading frames in 
the field isolates Lisbon 60 and NH/P68, the tissue culture adapted isolate Ba71v, and the 
recombinant viruses Recombinant 4 and Recombinant 34
Panel A. NH/P68 is a non-haemadsorbing (non-HAD) isolate eontaining truncated EP153R and 
EP402R open reading frames (ORFs). Its EP402R ORF contains a stop codon which puts in­
frame an ATG codon upstream of the stop codon. The protein this predicted ORF would 
encode is not expressed (Duarte et al., in preparation) and would lack the N-terminal signal 
peptide. With the exception of the 3’ end of the ORF, the remainder of the predicted NH/P68 
EP402R ORF is identical to the EP402R ORFs of the haemadsorbing (HAD) Ba71v and Lisbon 
60 isolates. Ba71v contains full length EP153R and EP402R ORFs. The plasmid pRE’, 
containing genomic fragments encompassing these ORFs, was used to generate the recombinant 
virus Recombinant 4 (Rec 4) by homologous recombination in NH/P68-infected macrophages. 
Rec 4 is HAD and consists of the ‘backbone’ of NH/P68. However, it is identical to Ba71v 
across its EP153R and EP402R ORFs although the 3’ end of the Rec 4 EP402R ORF is identical 
to the 3’ end of the predicted NH/P68 EP402R ORF.
Panel B. Lisbon 60 contains an EP153R ORF that is identical to the EP153R ORF of Ba71v. 
The Lisbon 60 EP402R ORF eontains an 87 nucleotide deletion compared to the Ba71v EP402R 
ORF. The plasmid plA7, containing genome fragments encompassing these ORFs from Lisbon 
60, was used to generate recombinant virus Recombinant 34 (Rec 34) by homologous 
recombination in NH/P68-infected macrophages. Rec 34 is HAD and consists of the 
‘backbone’ of NH/P68 and eontains an EP153R ORF identical to that of NH/P68. However, the 
Rec 34 EP402R ORF is identical to the Lisbon 60 EP402R ORF although the 3’ end of the ORF 
is identical to the 3’ end of the predicted NH/P68 EP402R ORF. (Predicted) ORFs are 
represented by eoloured reetangles. Signal peptides and transmembrane domains are 
represented by diagonal areas. Intergenic regions are represented by black lines. HAD, 
haemadsorbing; non-HAD, non-haemadsorbing.
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4.2 Experimental infection of O. erraticus with the field ASFV isolate NH/P68
To determine the ability of NH/P68 to infect and persist in O. erraticus, ticks were 
membrane fed with the NH/P68 isolate diluted in heparanized pig blood at a titre of 
either 4 logio or 6 logic TCID50 ml *. At 2, 8, 13, 15, 23, 28, 40 and 49 WPI ticks 
were homogenised and the virus titre present in individual whole tick extracts 
estimated by direct immunofluorescence using limiting dilution inoculation in PAMs 
(Table 4.1).
Between 2 and 13 WPI, infection rates varied between 67 % and 92 % independently 
of the titre of the initial blood meal. Of the 17 groups of ticks tested up to 13 WPI, 10 
had infection rates of 100 %. With the ticks fed the higher titre of virus, infection rates 
fluetuated between 57 % and 100 % between 15 and 28 WPI then gradually decreased 
to 25 % at 49 WPI. Infection rates of ticks fed the lower titre of virus also fluctuated 
but decreased overall from 50 % at 23 WPI and 63% at 28 WPI to 33% at 40 WPI and 
0 % a t4 9  WPI.
Table 4.1 records the means of logic TCIDsc tick'* transformed virus titres recovered 
from individual males, females and N5 nymphs at the different times post-feeding. 
Experiments described in Chapter 3 measured the volume of blood meal ingested by 
males, females and nymph stages and this enabled the amount of virus ingested to be 
calculated (Table 3.1). It is very likely that only a small proportion of the virus in the 
blood meal enters the tick cells to initiate infection. The remainder of the blood meal 
remains in the gut and virus may persist in this blood meal for 3 to 4 weeks (Plowright 
et al., 1970) and personal observation).
Four of the 22 groups of ticks tested at the higher titre exhibited mean titres that were 
above the initial titre of virus ingested. For female ticks the average titre of virus 
ingested would be 4.3 logic TCIDsc tick * for those fed on a blood meal containing 6 
logic TCIDsc ml'*, for male and N5 ticks these values would be 3.4 logic TCIDsc tick *
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Table 4.1 Analysis of ASFV infection rates in O. erraticus ticks fed on blood meals 
containing different titres of NH/P68 virus at various times post-feeding.
Ticks were membrane fed in groups of 20 on pig blood containing diluted virus using sterile 
tick feeders. Ticks were maintained at 27-28 °C with a relative humidity of 85 % until the 
weeks indicated post-infection (WPI.). Only ticks alive at the time of harvesting (column 
A) were used for titration. Column B indicates the developmental stage of ticks. The 
number of ticks tested at the time of harvesting are indicated in column C (high virus blood 
meal concentration) and column H (low virus blood meal concentration). The number and 
percentage of ASFV-positive ticks by virus isolation are shown in columns D and E (high 
virus blood meal concentration) and columns I and J (low virus blood meal concentration). 
Mean titres are shown in columns F and K (high and low blood meal concentration 
respectively). Titres are expressed as logio TCID50 tick'* and were estimated using the 
method by Reed and Muench (Reed & Muench, 1938). Standard errors of the mean (SEM) 
are indicated in columns G and L (high and low blood meal concentration respectively). 
ND, not done; N/A not applicable.
Initial titre of blood meal
6 logio TCID50 mU 4 logio TCID50 ml^
Ticks
Ticks +ve Mean
SEM
Ticks Ticks +ve Mean
SEM
WPI Stage
tested n % titre tested n %
titre
A B C D E F G H I J K L
Males 5 5 100 2.37 0.12 3 1 33 223 0.55
Females 4 4 100 225 0.28 4 4 100 3.70 0.09
2
N5 6 3 50 3.06 0.36 4 4 100 2 2 2 028
Total 15 12 80 2.65 0.15 11 9 82 3.39 0.23
Males 6 4 67 325 0.39 3 3 100 2 2 0 0.09
8
Females 2 2 100 2.5 0 3 2 67 3.24 0.35
N5 9 6 67 2.31 0.12 7 7 100 2 2 0
0.12
Total 17 12 71 2.87 0.15 13 12 92 2.76 0.12
Males 2 2 100 3.03 0.12 0 0 N/A N/A N/A
13
Females 3 3 100 3.08 0.09 2 2 100 2.70 0.12
N5 5 3 60 327 0.18 1 0 0 N/A
N/A
Total 10 8 80 3.10 0.09 3 2 67 2.70 0.12
Males 2 1 50 2.25 0 2 2 100 1.00 0
Females 0 0 N/A N/A N/A 1 1 100 2.50 0
15
N5 12 7 58 2.01 028 1 1 100 1.25 0
Total 14 8 57 2.05 0.25 4 4 100 1.95 0.31
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Initial titre of blood meal
6 logio TCIDsc mU 4 logic TCIDsc ml *
WPI Stage Ticks Ticks +ve Mean SEM
Ticks Ticks +ve Mean
SEM
tested n % Titre tested n % Titre
A B C D E F G H I J K L
Males 1 1 100 323 0 3 3 100 225 0.24
Females 1 1 100 4.50 0 3 1 33 2.16 0
23
N5 5 2 20 3.55 0 2 0 0 N/A N/A
Total 7 4 57 4.05 0.37 8 4 50 2.47 0.19
Males 1 1 100 3.75 0 2 1 50 1.83 0
Females 5 5 100 227 0.05 2 2 100 2.16 0
28
N5 4 4 100 223 0.26 4 2 50 1.61 0.24
Total 10 10 100 3.01 0.20 8 5 63 1.94 0.17
Males 2 2 100 2.03 0.12 1 0 0 N/A N/A
Females 3 2 67 2.03 0.12 1 1 100 2.00 0
40
N5 5 2 40 2.61 0.24 1 0 0 N/A N/A
Total 10 6 60 2.32 0.13 3 1 33 2.00 0
Males 2 1 50 1.75 0 2 0 0 N/A N/A
Females 1 0 0 N/A N/A 1 0 0 N/A N/A
49
N5 1 0 0 N/A N/A 0 0 N/A N/A N/A
Total 4 1 25 1.75 0 3 0 0 N/A N/A
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and 3.3 logio TCD50 tick *. The groups that exhibited mean titres that exceeded the 
amount ingested in the higher titre blood meal were the males at 23 and 28 WPI 
where mean titres of 3.83 and 3.75 logic TCID50 tick * were observed. The mean 
titres of N5 nymphs at 13 and 23 WPI exceeded the amount ingested, mean titres of 
3.37 and 3.55 logic TCIDsc tick * were observed. As discussed above, the blood meal 
persists for just 3 to 4 weeks so at times later than this virus present in ticks is most 
likely due to replication of a proportion of the virus ingested following uptake into 
tick cells. In the ticks fed with the higher titre blood meal, mean titres fluctuated 
slightly from 2.65 logic TCIDsc tiek * at 2 WPI, reaehing a peak of 4.05 logic TCIDsc 
tick'* at 23 WPI. Mean titres then gradually decreased to 1.75 logic TCIDsc tick * at 
49 WPI.
In contrast, 11 of the 23 groups of ticks tested fed the lower titre of virus exhibited 
mean titres that were higher than those ingested within the initial blood meal. For 
female ticks the average titre of virus ingested in the lower titre blood meal would be
2.3 logic TCIDsc tick * for those fed on a blood meal eontaining 4 logic TCIDsc ml'*, 
for male and N5 ticks these values would be 1.4 logic TCIDsc tiek * and 1.3 logic 
TCIDsc tick *. Groups which exceeded these values were the females at 2 ,8 , 13 and 
15 WPI, the males at 2, 8, 23 and 28 WPI and the N5s at 2, 8 and 28 WPI. The 
highest titre of virus in the lower titre fed ticks, 3.39 logic TCIDsc tick *, was observed 
at 2 WPI. At 8 WPI, mean titres decreased to 2.76 logic TCIDsc tick'*, and then 
fluctuated by less than I logic TCIDsc tick * until 40 WPI when a mean titre of 2.00 
logic TCIDsc tiek * was observed. None of the ticks fed the lower titre of virus were 
positive at 49 WPI. The data were analysed by ANOVA (as described in Chapter 2) 
to establish if there were significant differences between the datasets. No significant 
differences were observed in titres obtained from the ticks fed NH/P68 between the
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different time points independently of the feeding titre, and no significant differences 
in titre were observed at each time point between ticks fed at 6 logio TCIDsc ml * or 4 
logic TCIDsc ml *. Furthermore, no significance differences in titre were observed 
between male, female and N5 ticks fed at either titre of virus.
4.3 Experimental infections of O. erraticus with the recombinant ASFV isolate 
Rec 34
Ticks were fed with the Rec 34 isolate to determine whether the restoration of the 
haemadsorption phenotype to NH/P68 increased the efficiency of virus replication in 
O. erraticus. Ticks were membrane fed with the Rec 34 isolate diluted in heparanized 
pig blood at a titre of either of 4 logic H ADsc or 6 logic H ADsc ml *. At 2, 8, 13, 15, 
23, 28, 40 and 49 WPI ticks were homogenised and virus titre present in individual 
whole tick extracts estimated by haemadsorption assay by limiting dilution 
inoculation in PBM cell cultures. Infection rates of the Rec 34 membrane fed ticks 
were generally 100 % (Table 4.2) in all groups of male, females and N5 nymphs 
tested up to 49 WPI independently of the titre of the initial blood meal. The 6 groups 
where infection rates were less than 100 % had infection rates between 50 % and 89 
% and these were observed at 8,13 and 15 WPI.
Table 4.2 records the means of logic transformed virus titres recovered from males, 
females and N5 nymphs at different times post feeding. For ticks of the three 
developmental stages, membrane fed with either 4 logic or 6 logic H ADsc ml *, the 
average amount of virus recovered per tick at the first time point (2 WPI) were higher 
than the amount of virus estimated to be ingested per blood meal (Table 3.1) and 
therefore indicates that viral replication had occurred even at this early time point. 
Ticks fed with the lower virus titre ingested 1.3 to 2.3 logic H ADsc tick’* and virus
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Table 4.2 Analysis of ASFV infection rates in Ornithodoros erraticus ticks fed on blood 
meals containing different titres of Rec 34 virus at various times post-feeding.
Ticks were membrane fed in groups of 20 on pig blood containing diluted virus using sterile 
tick feeders. Ticks were maintained at 27-28 °C with a relative humidity of 85 % until the 
weeks indicated post-infection (WPI.). Only ticks alive at the time of harvesting (column A) 
were used for titration. Column B indicates the developmental stage of ticks. The number of 
ticks tested at the time of harvesting are indicated in column C (high virus blood meal 
concentration) and column H (low virus blood meal concentration). The number and 
percentage of ASFV-positive ticks by virus isolation are shown in columns D and E (high 
virus blood meal concentration) and columns I and J (low virus blood meal coneentration, 
respectively). Mean titres are shown in columns F and K (high and low blood meal 
concentration, respectively). Titres are expressed as logio HAD50 tick * and were estimated 
using the method by Reed and Muench (Reed & Muench, 1938). Standard errors of the 
mean (SEM) are indicated in columns G and L (high and low blood meal concentration, 
respectively). ND, not done; N/A not applicable.
Initial titre of blood meal
6 logioHADso mU 4 logio HADso mD
WPI Stage Ticks
Ticks +ve Mean
SEM
Ticks Ticks +ve Mean
SEM
tested n % titre tested n % titre
A B C D E F G H I J K L
Males 5 5 100 5.17 028 4 4 100 3.05 0.21
Females 6 6 100 5.29 0.35 2 2 100 2.5 0
2
N5 9 9 100 4.95 0.22 13 13 100 2.54 0.09
Total 20 20 100 5.13 0.16 19 19 100 2.70 0.08
Males 4 4 100 3.60 0.19 7 5 71 4.01 0.26
Females 2 2 100 3.14 0.09 3 3 100 3.36 0.20
8
N5 4 4 100 L93 0.24 9 9 100 4.12 0.22
Total 10 10 100 3.72 0.14 19 17 89 3.91 0.15
Males 4 2 50 5.15 &98 2 2 100 4.5 0
Females 6 6 100 3.67 0.18 4 4 100 4.84 0.21
13
N5 6 6 100 7.20 0.49 5 5 100 4.95 0.18
Total 16 12 75 6.83 0.43 11 11 100 4.83 0.12
Males 0 N/A N/A N/A N/A 3 3 100 5.37 0.55
Females 4 4 100 4.44 0.34 9 8 89 5 j# 0.33
15
N5 6 6 100 623 0.58 0 N/A N/A N/A N/A
Total 10 10 100 6.01 0.39 12 11 92 5.04 0.29
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Initial titre of blood meal
Stage
6 logio HADso mU 4 logio HADso ml^
WPI Ticks Ticks +ve Mean
SEM
Ticks Ticks +ve Mean
SEM
tested n % Titre tested n % Titre
A B C D E F G H I J K L
Males 1 1 100 5.5 0 0 N/A N/A N/A N/A
23
Females 1 1 100 5.5 0 2 2 100 5.20 0.80
N5 9 9 100 526 0.23 0 N/A N/A N/A N/A
Total 11 11 100 5.31 0.20 2 2 100 5.2 0.80
Males 5 5 100 5 j# 0.44 2 1 50 395 0
28
Females 2 2 100 5.41 0.62 4 3 75 4.25 0.43
N5 5 5 100 5.54 0.37 14 8 57 4.33 0.11
Total 12 12 100 5.59 0.26 18 12 67 4.29 0.14
Males 2 2 100 322 0.18 1 1 100 3.50 0
Females 0 0 N/A N/A N/A 0 0 N/A N/A N/A
40
N5 1 1 100 2.50 0 1 1 100 3.00 0
Total 3 3 100 3.17 0.24 2 2 100 3.32 0.18
Males 2 2 100 320 0
49
Females
N5
Total
ND
4
1
7
4
1
7
100
100
100
3.91
320
3.73
0.36
0
0.21
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titres of up to 3.05 were recovered at 2 WPI. Ticks fed with the higher virus titre 
ingested between 3.3 and 4.3 logio HAD50 tick‘d and virus titres of up to 5.29 logio 
HAD50 tick‘d were observed at 2 WPI. The virus present in ticks at 2 WPI would 
include both virus remaining in the blood meal and virus which had entered ticks cells 
and initiated replication. At 8 WPI, mean titres of virus present in the male and female 
ticks fed the higher titre of virus decreased below the initial amount of virus ingested. 
By 8 WPI the blood meal would have been digested and hence virus present in ticks at 
this time point almost certainly results from virus which enters tick cells and 
replicates.
From 8 to 28 WPI, a similar pattern of virus titre variation was observed for ticks fed 
both titres of virus. Mean titres fluctuated from 3.72 to 4.29 logio TCID50 tick'^ over 
this time frame and were therefore above the amount of virus ingested independently 
of the initial blood meal titre. Between 23 and 40 WPI, a decrease in mean of around 
2 logic HAD50 tick'^ was observed in ticks infected with the higher titre of virus, 
decreasing from 5.59 logic HADsc tick’^  at 28 WPI to 3.17 logic HADsc tick^ at 40 
WPI. A similar decrease of around 2 logic HADsc tick'^ was also observed in ticks 
fed the lower titre of virus between 23 and 40 WPI, with titres decreasing from 5.20 
logic HADsc tick'^ to 3.32 logic HADsc tick '\ and at 49 WPI mean titres decreased 
fiirther to 3.73 logic HADsc tick'\ Ticks fed the higher titre of virus were not tested at 
49 WPI. Analysis of the different datasets by ANOVA followed by Tukey’s multiple 
comparison test was carried out to identify statistically significant differences. 
Results with p < 0.05 were considered statistically different. No significant difference 
was considered to occur in groups with p > 0.05.
Significant differences were observed in the titre of virus recovered from ticks fed the 
different titres of virus. At 2, 23 and 28 WPI titres of virus in ticks fed 6 logic HADsc
-1 0 0 -
ml were significantly higher than those in ticks fed 4 logio HAD50 ml  ^ at these time 
points. Significant increases in virus titres in ticks were observed between 2 and 8  
WPI, and 8  and 15 WPI independently of the titre of the initial blood meal. In 
contrast between 28 and 40 WPI, a significant decrease in virus titre recovered from 
the ticks fed with the higher titre of virus was observed.
4.4 Experimental infection of O. erraticus with the recombinant ASFV isolate 
Rec 4
To confirm that the restoration of the haemadsorption phenotype to NH/P6 8  had 
increased the efficiency of ASFV replication within the tick and not another mutation 
elsewhere in the genome, a second, independently generated recombinant isolate was 
membrane fed to ticks. The Rec 4 virus encodes the same sequence CD2v gene as Rec 
34 but differs in the gene encoding the lectin-like protein which is intact in Rec 4.
O. erraticus ticks were membrane fed recombinant virus Rec 4 diluted in heparinised 
pig blood at a titre of 6  logio HAD50 m l'\ At 2, 8 , 13, 15, 23, 28 and 40 WPI, ticks 
were homogenised and the virus titre present in individual whole tick extracts 
estimated by haemadsorption assay by limiting dilution inoculation in PBM cell 
cultures (Table 4.3).
At 2 WPI, infection rates of 8 8  % were observed. Between 13 and 28 WPI, infection 
rates varied between 72 and 80 %, although a decrease to 58 % was observed at 8  
WPI, with an overall decrease to 33 % at 40 WPI. Generally, higher infection rates 
were observed in the adult ticks, with infection rates of 1 0 0 % occurring in all groups 
of female ticks tested, and 3 of the 7 groups of male ticks tested. Infection rates of 
between 0 and 75 % were observed in the N5 nymphs.
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At 2 and 8  WPI, 3 of the 6  groups tested had mean titres that were below the amount 
ingested in the initial blood meal. Both male and female mean titres were below the 
amount ingested at 2 WPI, although by 8  WPI the mean titres had increased beyond 
these values in the males, and by 13 WPI in the females. In contrast, the titres of the 
N5  nymphs had exceeded the initial amount of virus ingested at all time points tested. 
As viral titres obtained at each time point were very similar among males, females and 
N5  nymphs, data from the individual developmental stages were combined.
At 2 WPI, the overall mean titre was 3.34 logio TCID50 tick'^ and between 13 and 28 
WPI this increased to between 4.27 and 5.18 logic TCID50 tick '\ At 40 WPI, mean 
titres decreased to 1.25 logic TCID5C tick‘d
Mean titres of virus recovered from ticks membrane fed NH/P6 8 , Rec 34 and Rec 4 
viruses are compared in Figure 4.2. To allow a direct comparison, ticks were 
membrane fed these isolates at a titre of 6  logic TCID$c ml"\
Virus isolated from ticks fed the HAD recombinant isolates was titrated by 
haemadsorption assay whilst virus isolated from ticks fed the non-HAD NH/P6 8  
isolate was titrated by direct immunofluorescence. For comparison, titres are 
expressed in the form logic TCIDsc tick'\ Previous studies have determined that virus 
titration by haemadsorption assay and cytopathic effect gives very similar titres 
(Boinas et al., 2004), and similarity between titres estimated by haemadsorption assay 
and direct immunofluorescence was confirmed in this study (Figure 4.3).
At 2 WPI, titres of virus recovered from ticks membrane fed Rec 34 virus are around 
5 logic TCIDsc tick'^ whilst titres of virus recovered from ticks membrane fed NH/P68 
and Rec 4 viruses are between 2.5 logic TCIDsc tick‘d and 3.5 logic TCIDsc tick '. At 
8 WPI the mean titres of virus recovered from the ticks fed the Rec 34 virus decreased 
so that mean titres of all groups of ticks were between 3 and 4 logic TCIDsc tick ’. An
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Mean titres of virus from Ornithodoros erraticus ticks fed with the 
Recombinant 4,34 and NH/P68 isolates
□  Rec 34
□  NH/P68
□  Rec 4
No. weeks post ingestion
Figure 4.2 Titres of ASFV recovered from Ornithodoros erraticus ticks experimentally 
infected with Recombinant 4, 34 or NH/P68 at various times post feeding.
Groups of adults and N5 ticks were infected by membrane feeding with blood meals 
containing 6 logio TClDso ml ’ of Recombinant 4, 34 or NH/P68. At different weeks post 
ingestion ticks were homogenised and titres of virus in individual ticks were determined by 
haemadsorption assay or direct immunofluorescence and were estimated using the method by 
Reed and Muench (Reed & Muench, 1938). Data from the different experiments can be 
found in Table 4.1 (NH/P68 membrane fed ticks), Table 4.2 (Rec 34 membrane fed ticks) and 
Table 4.3 (Rec 4 membrane fed ticks). Data from the different developmental stages were 
combined and the means of the logio - transformed virus titres and standard errors of the mean 
are indicated.
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Comparison of viral titres recovered by haemadsorption assay and direct 
immunofluoresence from primaiy porcine alveolar macrophage infected 
with Rec 34 and Rec 4 isolates
0
□  Rec 34 HAD Assay
□  Rec 34 DIF
□  Rec 4 HAD Assay
□  Rec 4 DIF
Figure 4.3 Titres of ASFV recovered by haemadsorption assay and direct 
immunofluorescence from primary porcine alveolar macrophages infected with Rec 
34 or Rec 4 isolates
Primary porcine alveolar macrophages were infected with either Rec 34 or Rec 4 ASFV 
isolates. Virus was titred by either haemadsorption (HAD) assay or direct 
immunofluorescence (DIF). Titres were estimated using the method by Reed and Mueneh 
(Reed & Muench, 1938). Data from five different sets of infections were eombined and the 
means of the logio - transformed virus titres and standard errors of the mean are indicated.
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increase in mean titre of virus recovered from the Rec 34 and Rec 4 fed ticks was 
observed at 13 WPI, and between 13 and 15 WPI, mean titres of virus recovered from 
the tieks fed both reeombinant viruses were between 2.5 and 4 logio TCID50 tick ' 
higher than that recovered from the ticks fed the NH/P68 virus. The mean titre of 
virus reeovered from the ticks fed the NH/P68 virus peaked at 4 logio TCID50 tick at 
23 WPI, and decreased to 3 logio TCID50 tick ' at 28 WPI. In contrast, titres of virus 
recovered from ticks fed Rec 34 virus remained between 5 and 6 logio TCID50 tick ' 
between 23 and 28 WPI, and those from the ticks fed Rec 4 virus were around 4.5 
logio TCID50 tick ' at both of these time points. At 40 WPI, titres of virus recovered 
from ticks fed Rec 34 and Rec 4 viruses decreased by around 3 logio TCID50 tick ', 
and for ticks fed NH/P68 virus titres recovered decreased by 1 logio TCID50 tiek"'. 
Analysis of the data by ANOVA followed by Tukey’s multiple comparison test 
showed no signifieant differenees in titres recovered from ticks fed Rec 34 or Rec 4 at 
a titre of 6 logio HAD50 ml "' at each time point, although titres recovered from ticks 
fed both recombinant viruses were found to be significantly different to those 
recovered from NH/P68 fed ticks at 2, 8, 13, 15 and 28 WPI (Rec 4 and Rec 34 
isolates) and 40, 49 WPI (Rec 34 isolate). No signifieant differences were observed 
in titres recovered from males, females or N5 tieks. Significant increases in tick titres 
were observed between 2 and 8 WPI, and between 8 and 13 WPI for the Rec 4 fed 
ticks. Significant decreases in tick titres were observed between 15 and 23 WPI and 
between 28 and 40 WPI in tieks fed the Rec 4 virus.
The data described show that both of the independently isolated recombinant viruses 
Rec 4 and Rec 34, which had the haemadsorption phenotype restored, replicated more 
efficiently in ticks than the parental virus NH/P68. This provides strong supporting 
evidence that the restoration of the haemadsorption phenotype is responsible for this
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increased effieiency of replication rather than a secondary mutation elsewhere on the 
genome.
4.5 Inoculation of ASFV field isolate NH/P68 and recombinant isolate Rec 34 
into the gut of O. erraticus ticks
To investigate whether bypassing the gut wall increases the ability of NH/P68 to 
replicate within O. erraticus, virus was inoculated across the gut wall into the 
haemoeoel of O. erraticus. The efficiency of virus replication was determined by 
titrating individual tick homogenates by direct immunofluorescence on primary PAM 
at 2, 8, 13 and 15 weeks post inoculation. Adult ticks and N5 nymphs were 
inoculated with 3.55 logio TCID50 per inoculum of either Rec 34 or NH/P68 isolates. 
This titre was selected as it was similar to the minimum amount uptaken into the gut 
by a male or N5 nymph along with the blood ingested during a blood meal of titre 6 
logic TCID50 ml ' although it is likely that a small proportion of virus in the blood 
meal enters the midgut epithelium and initiates the infection.
Table 4.4 records the infection rates and means of logic transformed virus titres 
recovered from males, females and N5 nymphs at different times post inoculation. 
Infection rates of all groups of Ree 34 inoculated tieks were 100% up to 15 WPI, and 
11 of the 12 groups tested of the NH/P68 inoculated ticks also had an infection rate of 
100 %. The exception was the males at 13 WPI where an infection rate of 80 % was 
observed. Ticks inoculated with either virus isolate at 2 ,8 , 13 and 15 weeks post 
inoculation exhibited mean titres that were much higher than the titre of the inoculum 
thereby indicating that viral replication had occurred.
Between 2 and 15 weeks post inoculation, mean titres of virus recovered from ticks 
varied between 6.26 and 7.26 logic TCIDsc tick ' in the tieks inoculated with the
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Table 4.4 Analysis of ASFV infection rates in O. erraticus ticks inoculated with either 
NH/P68 or Rec 34 at various times post-feeding.
Adults and N5 ticks were inoculated with 3.5 logio TCID50 per incoulum of either NH/P68 or 
Recombinant 34 using sterile needles. Only ticks alive at the time of harvesting (column A) 
were used for titration. Column B indicates the developmental stage of ticks. The number of 
ticks tested at the time of harvesting are indicated in column C (NH/P68) and column H (Rec 
34). The number and percentage of ASFV-positive ticks by virus isolation are shown in 
columns D and E (NH/P68) and columns I and J (Rec 34) respectively. Mean titres are shown 
in columns F and K (NH/P68 and Rec 34, respectively). Titres are expressed as logic TCID50 
tick'' and were estimated using the method by Reed and Mueneh (Reed & Mueneh, 1938). 
Standard deviations are indicated in columns G and L (NH/P68 and Recombinant 34, 
respectively). ND, not done; N/A not applicable.
Virus isolate
NH/P68 Rec 34
WPI Stage
Ticks tested n
Ticks +ve
SEM Ticks tested
Ticks +ve
Mean titre SEM
% Mean titre n %
A B C D E F G H I J K L
Males 1 1 100 5.75 0 2 2 100 6.49 0.35
Females 2 2 100 6.52 0.26 2 2 100 6J6 0.18
2
N5 2 2 100 6.06 0.18 0 0 N/A N/A N/A
Total 5 5 100 6.28 0.17 4 4 100 6.53 0.21
Males 2 2 100 7.50 0 2 2 100 6.50 0
8
Females 4 4 100 6.91 0.50 1 1 100 7.50 0
N5 1 1 100 7.50 0 2 2 100 7.21 0.53
Total 7 7 100 7.26 0.42 5 5 100 7.15 0.27
Males 5 3 80 6.43 0.07 3 3 100 -733 0.41
13
Females 4 4 100 0.09 1 1 100 635 0
N5 4 3 100 6JÜ 0.18 6 6 100 632 0.10
Total 13 10 77 6.32 0.08 10 10 100 6.60 0.15
Males 1 1 100 6.00 0 1 1 100 7.0 0
Females 3 3 100 7.10 0.07 0 0 N/A N/A N/A
15
N5 1 1 100 6J5 0 1 1 100 7.25 0
Total 5 5 100 6.91 0.21 2 2 100 7.14 0.09
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NH/P6 8  virus, and between 6.53 and 7.15 logio TCID50 tick ' in ticks inoculated with 
Rec 3 4  virus. Variation of less than 1 logio TCID50 tick ' was observed in ticks 
inoculated with either virus isolate across the range of time points tested.
Sinee viral titres obtained at each time point were very similar among males, females 
and N5 nymphs, data from the different developmental stages were combined and 
compared to tieks membrane fed the same virus isolates (Figure 4.4).
At 2 WPI, virus titres reeovered from inoculated ticks were 1.5 logio TCID50 tick ' 
higher than from ticks membrane fed the Ree 34 virus, and 3.5 logio TCID50 tick ' 
higher than the ticks membrane fed the NH/P68 virus. At 8 WPI, the mean titres of 
virus reeovered from tieks inoculated with either isolate increased to around 7 logio 
TCID50 tick ' whilst the mean titres of virus recovered from the membrane fed ticks 
were 3.72 logio TCID50 tiek'' for the ticks membrane fed the Rec 34 virus and 2.87 
logio TCIDso tick ' for ticks membrane fed the NH/P68 membrane virus. The mean 
virus titres recovered from the ticks membrane fed NH/P68 virus were within the 
range of 2 -  3 logio TCID50 tiek ' between 13 and 15 WPI, whilst the mean titres of 
virus reeovered from the inoeulated ticks and ticks membrane fed the Rec 34 virus 
varied between 6.01 and 7.14 logio TCID50 tick ' .
No statistically significant differences were found between ticks that had been 
inoculated with either NH/P68 or Rec 34 at each time point. At 2 ,8 , 13 and 15 WPI 
(all time points tested) a signifieant difference was observed between virus titres 
recovered from tieks that had been membrane fed with NH/P68 virus and ticks that 
had been inoculated with the same isolate. A significant difference in virus titres 
recovered was also observed at each time point between ticks that had been membrane 
fed compared to inoeulated with Ree 34 virus. Probably this was because the virus 
dose inoculated into the ticks was much higher than that which entered the tick across
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Mean titres of virus from Ornithodoros erraticus ticks fed or inoculated with 
the Recombimht 34 pr N
□ NH/P68 IN
□ Rec 34 IN
□ NH/P68 MF
m Rec 34 MF
No. weeks post ingestion or inoculation
Figure 4.4 Titres of ASFV recovered at various times post feeding from experimentally 
infected or inoculated Ornithodoros erraticus ticks with the Recombinant 34 or NH/P68 
isolates.
Groups of adults and N5 ticks were infected by membrane feeding with blood meals containing 6  
logio TClDso ml ' or inoculated using sterile needles with 3.5 logio TCID50 per inoculum of 
Recombinant 34 or NH/P6 8  isolates. At different weeks post ingestion ticks were homogenised 
and titres of virus in individual tieks were determined by haemadsorption assay or 
immunofluoreseence. Titres were estimated using the method by Reed and Muench (Reed & 
Mueneh, 1938). Data from the different experiments can be found in Table 4.4 (NH/P6 8  or Rec 
34 inoculated tieks), Table 4.1 (NH/P6 8  membrane fed ticks) and Table 4.2 (Rec 34 membrane 
fed ticks). Data from different developmental stages were combined and the means of the logio - 
transformed virus titres and standard errors of the mean are indicated. IN; inoculated, MF; 
membrane fed.
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the gut barrier following a blood meal. The data show a very large differenee between 
the titres of virus recovered from ticks that were inoeulated compared with membrane 
fed the NH/P68 virus and no significant difference in virus titres recovered from ticks 
inoculated with NH/P68 compared to Rec 34. This provides strong evidence that the 
restoration of the haemadsorption phenotype enhanees vims replication in the tick by 
increasing uptake of virus across the gut.
The higher replication of vims in inoculated ticks compared to those membrane fed 
also indicates that the entry in and replication of vims within the tick gut cells 
provides a limiting step for vims replication. This theory is supported by a study by 
Kleiboeker et al. (1999) in which viral replication was detected in a range of tissues of 
O. moubata tieks following injection with the virulent Malawi Lil 20/1 isolate, 
whereas rephcation was restricted in midgut epithelial cells following membrane 
feeding of this isolate.
4.6 Evaluation of the amount of infectious blood meal ingested in a sonicated 
blood meal by membrane feeding O. erraticus
The previous experiments showed an increase in mean virus titre was recovered from 
ticks membrane-fed the HAD isolates Rec 34 and Rec 4, compared to the non-HAD 
isolate NH/P68. One possible mechanism by which this may occur involves binding 
of extracellular virus particles to red blood cells and uptake of virions attached to red 
blood cells across the gut. For this to occur, virus would have to bind via the CD2v 
protein expressed on extracellular virions with red blood cells. A second alternative 
meehanism would involve direct binding of the CD2v protein on the surface of virions 
with receptors on the surface of the tick gut cells. If the first hypothesis was correct, 
increased vims replieation in the tick should require the presence of red blood cell
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membranes. If the second hypothesis was correct the presence of fed blood cell 
membranes should not be required for the increased virus replication in the tick.
To test this hypothesis experiments were planned to membrane feed ticks in the 
absence of red blood cell membranes. Initial attempts to feed ticks with virus mixed 
with medium were unsuecessfiil. Instead blood was sonicated to disrupt cells and the 
membrane fraction was removed by centrifugation. Virus was then mixed with the 
soluble fraction and used to feed ticks across a membrane.
Firstly, experiments were performed to determine whether there was a difference in 
the volume of a sonicated blood meal ingested compared to a whole blood meal. 
After being anaesthetised, 20 individual ticks of each developmental stage were 
weighed before membrane feeding and again after engorgement but before the 
excretion of coxal fluid. The volume of blood meal could then be determined. Fifty 
pi mixtures of sonicated blood were weighed and the average weight of Ip l of 
sonieated blood was calculated to be equivalent to 0.954 mg. Details of means and 
standard errors of the volumes of sonicated blood ingested by the different stages of 
O. erraticus are recorded in Table 4.5. The smallest blood meal was of the males, 
1.56 pi (SEM = 0.23), of the N5 nymphs it was 1.89 pi (SEM = 0.37) and of the 
females it was 15.39 pi (SEM = 2.17).
The largest variation between the partially and fully engorged ticks was observed in 
the females. The largest blood meal ingested was up to 48.00 pi corresponding to a 
mass of 45.79 mg.
The sonicated blood meal engorgement values and variation are similar to those 
observed in ticks fed whole blood (Chapter 3, Table 3.1, (Boinas, 1994) and this 
indicates that there is no difference in the volume ingested by ticks fed either blood
-1 1 2 -
Table 4.5 Measurement of blood ingested during a sonicated blood meal by the 
developmental stages of Ornithodoros erraticus
Ticks were sexed and fed in groups of 20 of the same sex or developmental stage. 
Ticks were marked such that they were individually distinguishable and weighed 
individually before and after feeding through an artificial membrane. Twenty 50pl 
aliquots of sonicated blood and virus mixtures were weighed, and an average of Img 
was calculated to be equivalent to a volume of 1.0486pl. The average volume of 
blood ingested is indicated in column B and the standard errors of the mean (SEM) 
are shown in column C. The titre of virus ingested for a blood meal of 6  logio TCID50 
ml"' is shown in column D.
Developmental
Stage
Mean volume 
of blood 
ingested (pi)
SEM
Logio TCID5 0  units ingested 
per 6 logic TCID5 0  sonicated 
blood meal
A B C D
Female 15.39 2.17 4.19
Male 1.56 0.23 3.19
Nymph 1.89 0.37 3.25
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meal This allows virus titres recovered from ticks fed sonicated or whole blood to be 
compared directly. Based on the results obtained for the average volume of a 
sonicated blood meal ingested, the amount of virus ingested during experimental 
infections was estimated. For female ticks, the average titre of virus ingested during a 
sonicated blood meal would be 4.10 logio TCID50 tick'' for those fed on a blood meal 
containing 6  logic TCID50 ml '. The corresponding figures for male ticks are 3.10 
logic TCIDsc tick ' and for the N5 nymphs are 3.25 logic TCIDsc tick''.
4.7 Experimental infections of O, erraticus with the ASFV recombinant 
isolate Rec 34 or the ASFV field isolate NH/P68 diluted in sonicated blood
As the largest variation in virus reeovered from ticks was observed between ticks fed 
NH/P6 8  and Rec 34 viruses, these isolates were selected for feeding in sonicated 
blood to ticks.
O. erraticus ticks were membrane-fed with either the Rec 34 or NH/P6 8  isolates 
diluted in sonicated pig blood at a titre of 6  logic TCIDsc tick '. At 2 , 8 , 13, 15 WPI 
(NH/P6 8  and Rec 34) and 23, 28 and 40 WPI (Rec 34) ticks were homogenised and 
the virus titre present in individual whole tick extracts were estimated by direct 
immunofluorescence assay by limiting dilution inoeulation in PAM.
The infection rates for ticks membrane fed NH/P6 8  diluted in sonicated blood were 
lower than those of the Rec 34 fed ticks at all time points tested (Table 4.5). The 
infeetion rate of the NH/P6 8  fed ticks was 14 % at 2 WPI, increasing to 38 % at 8  
WPI before decreasing to 10 % at 15 WPI. In eontrast, the infection rate of Rec 34 
fed ticks was higher, being 90 % at 2 WPI before decreasing to 75 % at 8  WPI, then 
63 % at 13 and 15 WPI. Infection rates of the Ree 34 fed ticks continued to decrease 
at 23, 28 and 40 WPI, at whieh times rates of 39, 50 and 36 % respectively were
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observed., Table 4.6 records the means of log 10 transformed virus titres recovered 
from males, females and N5 nymphs at different time post-feeding.
In general, for males, females and nymphs whieh were membrane fed either virus 
isolate in sonicated blood, the average amount of virus recovered per tiek, was lower 
than the amount of virus estimated to be ingested per sonicated blood meal (Table 4.5) 
at all time points. The two exceptions to this were the females fed Rec34 when at 15 
WPI mean virus titres of 4.5 logio HAD50 tick ' (compared to an average ingestion of 
4.19 logio HAD50 tick ') and the N5 nymphs fed Ree 34 virus from which mean virus 
titres of 3.32 logio HAD50 tick ' were recovered (eompared to an average ingestion of 
3.25 logio HAD50 tick '). Figure 4.5 shows the titres of virus recovered from ticks 
membrane fed Rec 34 or NH/P68 at a titre of 6 logio TCID50 ml ' diluted in either 
whole or sonicated blood. Little variation was observed in the mean titre of virus 
recovered from the ticks fed with NH/P68 in sonicated blood at different times post­
feeding. A peak in mean virus titre of 2.66 logio TCID50 tick"' was recovered from 
ticks at 8 WPI, although mean virus titres varied by less than 1 log logio TCID50 tick '. 
The tieks fed NH/P68 in sonicated blood were not tested at 23, 28 or 40 WPI. Little 
variation was also observed in the mean titres of virus reeovered from ticks fed with 
Rec 34 virus in sonicated blood between 2 and 15 WPI. Mean titres peaked at 15 
WPI with a value of 3.87 logio TCID50 tick ', although overall titres varied by less 
than 1.5 logio TCID50 tick ' from this value. At 23 and 28 WPI, titres recovered 
decreased to 3.02 and 2.00 logio TCID50 tick ' respectively and to 1.82 logio TCID50 
tick"' at 40 weeks post-infection. Using ANOVA followed by Tukey’s multiple 
eomparison test, statistieally significant differences were observed between the virus 
titres recovered from ticks that had been membrane fed Rec 34 diluted in sonicated 
blood compared to Rec 34 diluted in whole blood at 2, 13, 23, 28 and 40 WPI. In
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Table 4.6 Analysis of ASFV infection rates in O. erraticus ticks fed on sonicated blood 
meals containing Rec 34 or NH/P68 virus at various times post-feeding.
Ticks were membrane fed in groups of 20 on sonicated pig blood containing diluted virus at a 
titre of 6 logio TCID50 ml ' using sterile tick feeders. Only ticks alive at the time of 
harvesting (column A) were used for titration. Column B indicates the developmental stage 
of tieks. The number of ticks tested at the time of harvesting are indicated in column C 
(NH/P68) and column H (Rec 34). The number and percentage of ASFV-positive ticks by 
virus isolation are shown in columns D and E (NH/P68) and columns I and J (Rec 34) 
respectively. Mean titres are shown in columns F and K (NH/P68 and Rec 34, respectively). 
Titres are expressed as logio TCID50 tick ' and were estimated using the method by Reed and 
Muench (Reed & Muench, 1938). Standard errors of the mean (SEM) are indicated in 
columns G and L (NH/P68 and Rec 34, respectively). ND, not done; N/A not applicable.
Virus Isolate
WPI. Stage
NH/P68 Rec 34
Ticks +ve ticks
Mean titre SEM
Ticks +ve ticks Mean
SEM
tested n % tested n % titre
A B C D E F G H 1 J K L
Males 4 1 25 1.75 0 5 3 60 2.00 0
Females 2 1 50 2.00 0 4 4 100 2.78 0.21
2
N5 8 0 0 N/A N/A 4 3 75 2.60 0.07
Total 14 2 14 1.89 0.09 9 10 90 2.58 0.12
Males 4 1 25 1.75 0 2 1 50 2.75 0
8
Females 6 2 33 2.71 0.62 1 1 100 3.50 0
N5 6 3 50 2.74 0.24 1 1 100 2.75 0
Total 16 6 38 2.66 0.27 4 3 75 3.36 0.20
Males 2 0 0 N/A N/A 5 3 60 2.20 0.18
13
Females 1 0 0 N/A N/A 2 2 100 2.32 0.18
N5 5 2 40 1.75 0 9 5 56 2.34 0.14
Total 8 2 25 1.75 0 16 10 63 2.30 0.10
Males 4 0 0 N/A N/A 4 2 50 2.82 0.27
15
Females 2 1 50 1.75 0 1 1 100 4.5 0
N5 4 0 0 N/A N/A 3 2 67 3.32 0.18
Total 10 1 10 1.75 0 8 5 63 3.87 0.33
Males ND 8 3 38 2.18 0.07
23
Females 1 1 100 2.75 0
N5
Total
9
18
3
7
33
39
3.32
3.02
0.42
0.22
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W P I stage 
A B
Virus Isolate
NH/P68 Rec 34
Ticks Ticks +ve Mean
SEM
tested ....... - titre
n %
C D E F G
Ticks
Ticks Mean
-Fve SEM 
tested titre 
n %
H I J K L
Males
Females
28
N5
Total
ND
0 0 N/A N/A N/A 
2 1 50 2.00 0 
0 0 N/A N/A N/A 
2 1 50 2.00 0
Males
Females
40
N5
Total
ND
4 1 25 2.00 0 
2 1 50 2.00 0
5 2 40 1.50 0 
11 4 36 1.82 0.13
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Mean titres of virus from O rn ith o d o ro s  e rra ticu s  ticks fed with 
Recombinant 34 or NH/P68 diluted with whole or sonicated blood
□  Rec 34 Whole Blood
□  Rec 34 Sonicated Blood
□  NH/P68 Whole Blood
□ NH/P68 Sonicated Blood
— — — — — r ------------------------
13 15 23
No. weeks post ingestion
Figure 4.5 Titres of ASFV recovered from Ornithodoros erraticus ticks 
membrane fed with whole blood or sonicated blood meals containing 
Recombinant 34 or NH/P68 at various times post feeding.
Groups of adults and N5 ticks were infected by membrane feeding with whole blood 
or sonicated blood meals eontaining 6 logio TCID50 ml ' of Recombinant 34 or 
NH/P68. A t different weeks post ingestion tieks were homogenised and titres of 
virus in individual ticks were determined by haemadsorption assay or 
immunofluoreseence. Titres were estimated using the method by Reed and Muench 
(Reed & Muench, 1938). Data from the different experiments can be found in Table 
4.1 (ticks membrane fed NH/P68 diluted in whole blood). Table 4.2 (ticks membrane 
fed Ree 34 diluted in whole blood) and Table 4.6 (ticks membrane fed NH/P68 or 
Ree 34 diluted in sonicated blood). Data from different developmental stages were 
combined and the means of the logio - transformed virus titres and standard errors of 
the mean are indieated.
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contrast, no statistically significant differences in virus titres recovered from ticks that 
had been membrane fed NH/T68 diluted in sonieated blood compared to whole blood 
were observed at any time point tested. Thus the data support the hypothesis that 
binding of virus partieles to red blood cells in the blood meal increases the replication 
of virus within ticks.
4.8 Measurement of the effect of sonicated blood on viral growth and replication
To ensure that the decreased Rec 34 viral titres and infeetion rates observed when the 
Rec34 virus was mixed with sonieated blood (described in seetion 4.7) were not due 
to inhibition of replieation due to cellular components released through sonication of 
the blood, NH/P68 and Ree 34 viral isolates were titrated in PAM by serial dilution 
using direct immunofluorescence in the presenee and absence of sonicated blood. No 
differenee was observed in the virus titre obtained between either isolate titrated in the 
presence and absence of sonicated blood (Figure 4.6).
4.9 Collection and titration of coxal fluid excretions from engorged O. erraticus 
To determine that virus ingested during feeding with the different blood/virus meals 
was maintained within the tick and not excreted into the coxal fluid, coxal fluid was 
collected from ticks fed either NH/P68 or Ree 34 isolates diluted in either sonicated or 
whole blood. Coxal fluid was pooled from 18 ticks and titrated by direet 
immunofluoreseence on PAM. The results are shown in Table 4.7. Depending upon 
the blood meal ingested, the total mean volume of coxal fluid collected per tiek varied 
between 1.62 pi and 1.97 pi. None of the coxal fluid samples titrated were positive 
for virus by direet immunofluoreseence in PAM, and this indieates that no virus was 
excreted into the coxal fluid following the ingestion of an infectious blood meal.
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Viral titres recovered by direct immunofluoresence using primary 
porcine macrophage infected with either NH/P68 or Rec 34 in the 
presence and absence of sonicated blood
âtisuwhiiti
□ Rec 34 - Sonicated blood
□ Rec 34 + Sonicated blood
□ NH/P68 - Sonicated blood
□ NH/P68 + Sonicated Blood
Figure 4.6 Titres of ASFV recovered from primary porcine macrophage infected 
with either NH/P68 or Rec 34 in the presence or absence of sonicated blood.
Primary porcine alveolar macrophages were infected with either Ree 34 or NH/P6 8  
isolates in the presence or absence of sonicated blood. Titrations were performed by 
direet immunofluoreseence, and titres were estimated using the method by Reed and 
Muench (Reed & Muench, 1938). Data from titration replicates were combined and 
the means of the logio - transformed virus titres and standard errors of the mean are 
indieated.
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Table 4.7 Titration of coxal fluid excretions from Ornithodoros erraticus after 
feeding on an infectious blood meal
Ticks were membrane fed in groups of 18 on sonicated or whole pig blood containing 
diluted virus using sterile tick feeders. Details of the blood meal ingested are shown 
in Column A, and the titre in column B. The volume of pooled coxal fluid collected 
from the engorged ticks is shown in column C, and the mean coxal fluid excretion per 
tiek is shown in column D. Titres of coxal fluid secretions are indicated in column C 
and are expressed as logio TCID50 tick '. Titres were estimated using the method by 
Reed and Mueneh (Reed & Muench, 1938).
Blood meal 
details
A
Titre of 
blood meal
(log 10 
TCID50 ml 
B
Total coxal fluid 
collected (pi)
C
Mean coxal fluid 
excretion (pi ticF)
D
Titre of 
coxal fluid
(Logio 
TCID50 mU) 
E
Whole blood 0 35.40 1.97 0
Sonicated
blood
0 33.20 1.84 0
Rec 34 
(Whole 
blood)
6 33.90 1.88 0
Rec 34 
(Sonicated 
blood)
6 28.90 1.61 0
NH/P68
(Whole
blood)
6 35.80 1.99 0
NH/P68
(Sonicated
blood)
6 32.70 1.82 0
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Should the virus be excreted directly into the coxal fluid following feeding on a blood 
meal of titre 6  logio TCID50 ml"', the expected titre of a coxal fluid secretion of 
volume 35 pi would be 4.54 logic TCID50 ml"'.
4.10 Discussion
This study involved experimental infections of O. erraticus with NH/P6 8 , a non-HAD 
field isolate of ASFV, and Rec 4 and Rec 34, two HAD recombinant isolates derived 
from NH/P6 8 .
When membrane fed to ticks, Rec 34 and Rec 4 viruses were able to establish 
persistent infections up to 49 WPI, with infection rates of ~ 100 % (Rec 34) and 
between 72 -  8 8  % (Rec 4). In addition, these isolates replicated to titres in excess of 
6  logic TCIDsc tick"'.
The decrease in mean titre and infection rates in Ree 34 and Rec 4 membrane fed 
ticks at later times post ingestion are similar to those observed in O. erraticus 
experimentally infected with ASFV Portugal 99 isolate (Chapter 3, Basto et al., in 
press) and in ticks from the field (Basto et al., in press) and may be due to viral 
clearance by the tiek immune system.
In contrast, ticks membrane fed the non-HAD parental isolate NH/P6 8  exhibited 
lower infection rates and significantly lower mean titres of virus were recovered from 
these ticks. These results suggest that the restoration of the haemadsorption 
phenotype to NH/P6 8  virus increased the efficiency of viral replication within O. 
erraticus and is supported by the observation that two independently isolated 
reeombinants which had the haemadsorbing phenotype restored, both replicated to 
higher titres in ticks.
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Previous work has also shown variation in the ability of HAD and non-HAD tick 
isolate ASF viruses to experimentally infect O. erraticus (Boinas, 1994). The 
efficiency of replication of the NH/P6 8  isolate in ticks was increased following 
inoculation through the gut wall into the haemoeoel. Following inoeulation of 
NH/P6 8  virus into ticks, mean titres of virus recovered significantly increased by up 
to 4 logio TCID50 tick ' at each time point compared to those tieks that were 
membrane fed this isolate. The inoculation of other viral isolates have also increased 
their efflcieney in replicating within the tick (Boinas, 1994, Kleiboeker et al., 1999), 
suggesting that the replication of some ASFV isolates may be restricted in midgut 
epithelial cells. Since the midgut epithelium is the primary site of ASFV replication 
(Greig, 1972) within Ornithodoros, it is likely that those isolates unable to infect these 
cells, either because virus does not enter the cells or replicates inefficiently, or virus is 
inefficiently released from cells, will exhibit low infection rates and overall mean 
titres since spread to the seeondary sites of replication is restricted.
Following a blood meal, blood is transported to the midgut of the tick. The tick 
excretes a great deal of the watery component of the blood via the coxal apparatus, 
although virus was not detected in this excretion in this study. Following feeding, the 
rapid proliferation of digestive epithelial and digestive cells is initiated (Greig, 1972, 
Hughes, 1954, Tatchell, 1964). Haemolysis of blood cells occurs, followed by a 
period of digestion which can take between 1 and 2 weeks. The slow phase of 
digestion of the blood meal provides a food reserve in the absence of a fat body 
(Tatchell, 1964). During this time, the blood meal can remain visible in the gut for 
periods of up to 3 weeks (Personal observation; Prof. Bncinas-Grandes, personal 
communication) suggesting that only a small amount of the ingested virus is uptaken
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into the gut to initiate an infection of the tick. A longitudinal cross-section of the tick 
digestive system is shown in Figure 4.7.
Observations within 24 hours post feeding of ASFV virions adsorbed to intact 
erythrocytes within phagolysosomes of the midgut epithelial cells and the midgut 
lumen of O. moubata ticks suggest that one mechanism of initial virus entry to the 
midgut may be via erythrocyte phagocytosis (Kleiboeker et al., 1999). This 
hypothesis was supported by the reduced efficiency of Rec 34 to replicate in ticks 
when fed with this isolate diluted in sonicated blood when compared to tieks fed Rec 
34 diluted in whole blood. By sonicating blood and centrifuging to remove 
membrane components before mixing with virus, the interaction of CD2v with its 
ligand on the surfaee of red blood cells would be disrupted. This may explain the 
reduction in viral replication in ticks fed virus mixed with sonicated compared to 
whole blood since viral uptake into the gut would be restricted. A decrease in 
infection rate within ticks fed virus mixed with sonicated blood was observed, as well 
as significant decreases in mean virus titres recovered of up to 3 logio TCID50 tiek ' 
compared to ticks fed Rec 34 diluted in whole blood. These results strongly suggest 
that the interaction of CD2v with its ligand on the surface of red blood cells is 
important in the establishment of infection within the tick, most likely through virus 
uptake across the gut wall.
However, ticks that were membrane-fed the non-HAD isolate NH/P6 8  diluted in 
whole blood or Rec 34 diluted in sonicated blood contained mean viral titres 
exceeding the amount of virus initially ingested. This indicates that some viral 
replication had occurred in these ticks. Furthermore, isolation of non-HAD isolates 
from ticks collected in warthog burrows (Thomson et al., 1983) and pig farms 
(Boinas, 1994, Boinas et al., 2004) suggests that non-HAD isolates can enter and
-124-
Haemolymph
Basal plasma 
membrane
Microvilli
Lumen
Esophagus
Proboscis
Rectum
Posterior
midgut
Cardia Anterior Malpighian
midgut tubules
Salivary
gland
Figure 4.7 Schematic representation of the organisation of the tick digestive 
system and structure of a midgut epithelial cell.
Salivary gland secretions are injected into the blood of the host via the proboscis, 
which connects the esophagus to the cardia, the opening of the midgut. The 
midgut is the location of blood meal digestion and can be divided into the 
anterior and posterior regions. It consists of a simple epithelium composed of a 
single layer of cells lying on a basolateral membrane that separates it from the 
haemolymph. The main function of the haemolymph is the transport of digestive 
and excretory products around the body. The haemolymph is filtered by the 
Malpighian tubules which secrete the filtrate into the hindgut.
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replicate in ticks. Since this occurs it suggests that virus can enter ticks by an 
alternative mechanism than by phagocytosis of virus particles adhered to red blood 
cells. Possibly, virus particles could attach to specific receptor sites on the luminal 
surface of the gut cells before entry and uncoating. The identity of receptor sites for 
the attachment of ASFV to arthropod cells has not been established although their 
existence is partly supported by the fact that ASFV has only been shown to replicate 
within ticks of the species Ornithodoros. Virus could also pass directly into the 
haemocoel from the gut lumen through lesions or pores between the gut cells formed 
during the first phase of digestion and without entering the gut cells (Sonenshine,
1993), a phenomenon known as the leaky-gut. The contents of the gut have been 
shown to occasionally leak into the haemocoel during or shortly after feeding 
(Kleiboeker et al., 1999). The leakage of midgut contents into the haemocoel 
following feeding is also known to occur in mosquitoes (Hardy et al., 1983). The 
existence of the leaky gut in O. erraticus may explain why higher than anticipated 
viral titres were observed in the sonicated blood and NH/P6 8  fed ticks.
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5 Dissemination of ASFV within O. erraticus ticks
5.1 Introduction
ASFV is ingested and is transported with the blood into the lumen of the gut when the 
tick takes a blood meal from a viraemic host. In order to cross the so-called gut 
barrier and enter the haemolymph, the virus must attach to, enter and replicate within 
the cells of the gut wall (Greig, 1972). ASFV replication in the midgut epithelium is 
required for the infection of Ornithodoros ticks (Kleiboeker et al., 1999) and is the 
primary site of ASFV replication after infection. The rapid formation of new gut cells 
during the initial phase of digestion provides a major site for ASFV replication. This 
phenomenon has been reported in studies with other tick-borne viruses (Hurlbut, 
1965), for example Dugbe virus targets differentiated gut cells of Amblyomma 
variegatun ticks soon after feeding (Booth et al., 1991). Once ASFV has gained entry 
to the haemocoel it can disseminate to the secondary sites of replication via the 
haemolymph which surrounds these organs. Dissemination of virus to these organs; 
the salivary glands, the ovaries of the female and the accessory glands of the male; 
ensures that transmission can occur orally and has been demonstrated in O. moubata 
and O. erraticus (Plowright et al., 1970), sexually (Boinas, 1994, Endris & Hess, 
1994, Plowright et al., 1974) or transsovarially (Rennie et al., 2001).
Previous studies have described experimental infection of O. moubata ticks with a 
number of different ASFV isolates (Greig, 1972, Hess et al., 1989, Kleiboeker et al., 
1998a, Kleiboeker & Scoles, 2001, Kleiboeker et a l, 1999, Plowright et a l, 1970, 
Rennie et al, 2000). Details of the pathogenesis caused by virus infection in ticks 
vary in these reports. ASFV infection of O. moubata ticks is characterised by the 
establishment of long term, persistent infection with relatively high levels of viral 
replication in a number of different tissues. ASFV infection of O. moubata has been
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associated with very low mortality (Greig, 1972, Kleiboeker et ak, 1999, Plowright et 
a l, 1969a, Plowright et a l, 1970) except during the gonotrophic cycle (Hess et a l, 
1989). These data suggest that ASFV infection of the natural arthropod host 
represents a well-adapted and possibly co-evolved biological system (Kleiboeker et 
a l, 1999).
The dissemination of ASFV within O. erraticus has been less well studied and 
experiments have mainly focussed on the transmission mechanisms of ASFV within 
the O. erraticus tick population (Boinas, 1994, Endris & Hess, 1992, Endris & Hess,
1994). The previous chapters. Chapter 3 and Chapter 4, have studied virus replication 
within whole O. erraticus ticks. The aim of this work was to study the dissemination 
and replication of virus within O. erraticus, in different tick tissues, following 
ingestion of an infective blood meal.
5.2 Results
5.2.1 Detection of the ASFV genome within O. erraticus by PCR and RT-PCR
To determine whether virus within the tick could be detected by PCR, DNA was 
extracted from whole tick homogenates at 15 WPI and PCRs performed on the 
extracted DNA (Panel A., Figure 5.1). Two genes were selected to be amplified by 
PCR, the early gene A238L and the major structural protein p72. These genes were 
amplified from all the samples tested. RT-PCR was then performed on RNA 
extracted from the same samples (Panel B, Figure 5.1). In the RT-PCR, the A238L 
primers were found to be less sensitive than the p72 primers, although this difference 
may be due to inhibitory factors within the tick (Chris Oura, personal 
communication). In addition to the positive results achieved by virus isolation from
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Figure 5.1
Agarose gel images of A238L, VP72 and B-actin fragments amplified by PCR 
and RT-PCR from DNA or RNA extracted from ticks infected with Rec 34 at 
15 weeks post ingestion.
Ticks were homogenised at 15 weeks post feeding on an infectious blood meal 
containing Rec 34 diluted to a concentration of 6  logio HAD50 mV\ DNA was 
extracted from tick homogenates using the QIAamp DNA Mini Kit (Qiagen) and the 
extracted DNA used as template in a PCR reaction. Total cellular RNA was extracted 
from individual tick homogenates using Tri Reagent and was subsequently treated 
with lOOU RNase-free DNase I (Roche) for 4 hours at 37°C. RNA was purified 
using the RNeasy Mini kit (Qiagen). Following dénaturation of RNA in the presence 
of 2 |ig random hexamers (Amersham Biotech), samples were used as template in an 
RT-PCR using the One-Step RT-PCR kit (Qiagen).
The primer pairs used for PCR reactions were A238L 5’ and A238L 3’, p72-F and 
p72-R, and Actin-F and Actin-R, PCR products are shown in Panel A. Negative PCR 
controls were performed on DNA extracted from uninfected ticks. Primer pairs used 
for RT-PCR were A238L-5’ and A238L-3’, p72-D and p72-U, and Actin-F and 
Actin-R, and RT-PCR products are shown in Panel B. Negative RT-PCR controls 
were performed on an RNA-ase treated RNA sample. (RT)PCR products were run on 
a 1.6% agarose gel, and sized against a lOObp (Biogene). A = A238L (RT) PCR 
products, V = VP72 (RT) PCR products, B = B-actin (RT) PCR products.
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these samples, the presence of RNA transcripts as detected by RT-PCR further 
establishes that virus is replicating within the tick.
5.2.2 Dissemination of ASFV following infection of O. erraticus with the 
recombinant ASFV isolate Rec 34
To investigate dissemination of ASFV within ticks following feeding with the Rec 34 
isolate, PCR was performed on DNA extracted on different tissues of ticks at different 
times post-infection. The digestive tract, salivary glands, haemocoel and a pool of the 
remaining organs were eollected from Rec 34 experimentally infected ticks at 8 , 15 
and 28 WPI. At each time point, tissues from 5 tieks were pooled and PCR was 
performed on DNA extracted from these tissues to amplify the B602L variable 
genome region. This genome region was selected beeause analysis of different 
isolates showed it was one of the most variable regions of the genome as it contains 
tandemly repeated amino acid sequences (Chapter 6 ). The products were visualised on 
an agarose gel (Figure 5.2). A predominant band of around 230 base pairs was 
detected in all the samples tested. This band was the same size as that present in the 
virus used for feeding. However, in addition, bands of around 300 and 400 bp were 
detected in the haemocoel, a band of around 400 bp was detected in the pooled organs 
and bands of approximately 180 bp in the salivary glands and digestive tract at 8  WPI. 
At 15 WPI, bands of around 400 bp were detectable in the pool of organs and of 
around 180 bp in the salivary gland in addition to the predominant 230 bp band. 
Bands which varied in size from the predominant band of 230 bp present in the 
feeding isolate were most commonly observed in the salivary gland.
To confirm these PCR products contained sequences from the B602L region, the 
fragments were purified from agarose gels and sequeneed. In total, 5 partial 8602L
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I
8  WPI 15 WPI 28 WPI
p DT SG H P DT SG H P DT SG
a w
Figure 5.2 Agarose gel image of a PCR of the B602L region from DNA extracted from 
pools of tissues of Ornithodoros erraticus ticks which had been membrane fed the 
recombinant isolate Recombinant 34 at a titre of 6 logio HAD50 ml \
Ticks were membrane fed across an artificial membrane with recombinant ASFV isolate Rec 34 
isolate diluted to 6  logio HAD50 ml"^  in heparanized pig blood. At 8 , 15 and 28 weeks post 
ingestion (WPI), the salivary glands (SG), digestive tract (DT) and pool of organs (P) were 
dissected from pools of 5 ticks, and the haemocoel (H) eollected from the dissected ticks. PCRs 
were performed on the extracted DNA using the primers 0RF9L-F and ORF9L-R. PCR 
products from dissected tissues from pooled tieks are shown. As a positive control, PCR was 
performed on DNA extracted from a homogenised uninfected tick which had been mixed with 
Rec 34 virus. As a negative control, PCR was performed on DNA extracted from a 
homogenised uninfected tick. PCR products were run on a 1.6 % agarose gel, and sized against 
a lOObp ladder (Biogene).
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sequences were obtained. Three sequences were suffieiently long enough to facilitate 
comparison to the Rec 34 feeding isolate sequence (Table 5.1) which encodes 25 
amino acid tetramers. The partial sequence obtained from a PCR produet of 180 bp 
from an individual tick at 13 WPI was identical to the first 8 tetramers of the Rec 34 
feeding isolate, with no DNA sequence variation observed across this region. Two 
deletions had occurred in the sequence obtained from a PCR product of 180 bp from a 
tick at 23 WPI. One deletion encoded 2 amino acid tetramers (CADT NVDT) and the 
second deletion eneoded 3 amino acid tetramers (CAST CAST CAST). Two GAT to 
G AC substitutions were also detected within the DNA sequence from the tick at 23 
WPI, resulting in silent mutations encoding for the amino acid aspartic acid.
5.3 Discussion
The ASFV genome was detected, by PCR amplification of the B602L ORF, in 
homogenates from individual tieks membrane-fed the Rec 34 virus and harvested at 
13, 15, 23 and 28 WPI. To investigate if dissemination of virus occurred in ticks, 
organs from individual ticks were dissected and pools of organs from 5 ticks were 
tested by PCR for the presence of the virus genome. This showed that the ASFV 
genome was detected at 8, 15 and 28 WPI in the haemocoel, pool of organs, digestive 
tract and salivary glands from pooled ticks at each time point tested providing strong 
evidence that virus had been disseminated from the gut. It is possible that organs may 
have been contaminated by the presence of haemocoel resulting in detection of virus 
DNA. However, the likelihood of this occurring was minimised by stringent washing 
of organs prior to cell lysis and DNA extraction.
Previous experimental results with O. moubata demonstrated that virus recovered 
from live ticks up to one month after virus ingestion could represent survival of the
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ingested vims (Plowright et al., 1970) and would not necessarily be evidence for viral 
replication. Since these PCR results were obtained from 8 WPI onwards, the vims 
detected in the digestive tract is very unlikely to be present simply due to the remnants 
of the blood meal. This could be tested in the fiiture by using PCR to detect the 
cytochrome b gene in the cells of the blood meal. Primers have been defined which 
amplify mammalian genes but not those from invertebrates.
Furthermore, as ASFV DNA was detected in the pool of organs, salivary glands and 
haemocoel in addition to the digestive tract, these results indicate that the Rec 34 
isolate had crossed the gut wall and dissemination of vims within the tick had 
occurred. The presence of vims DNA in different tick tissues suggests that vims does 
replicate in these tissues although it does not provide conclusive evidence. In the 
current study no attempt was made to quantify the amount of vims in different tissues. 
This could be carried out in future by titration of vims in pig macrophage cultures or 
by carrying out quantitative real time PCR to estimate the number of genomes 
present. Dissemination of vims is most likely to occur via the haemolymph that 
surrounds the tick tissues since haemocytes have been observed to contain detectable 
levels of ASFV between 15 and 21 days post infection (Kleiboeker et al., 1998a). 
Haemocytes are considered to be the predominant cell supporting vims replication in 
the infection of Amblyomma variegatun ticks by Dugbe vims (Booth et al., 1991). 
However, different mechanisms of vims dissemination have been identified in other 
vectors. For example, Whataroa vims proceeds sequentially through the organs of 
Aedes australis to the salivary glands (Miles et al., 1973), a mechanism that has not 
been observed in infections of ticks with vimses.
It has been suggested that the generalisation of vims infection from the midgut 
requires 15 to 21 days. During this time, the haemocytes, connective tissue and
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salivary glands contained detectable levels of ASFV by electron microscopy 
(Kleiboeker et al., 1998a). In the same study, using electron microscopy, only midgut 
tissues were shown to be infected by ASFV up to 21 days post ingestion (Kleiboeker 
et al., 1998a). However in another study, virus was recovered from the haemocoel 
and all secondary sites of replication 24 -  48 hours post ingestion in O. moubata 
infected with the Uganda isolate of ASFV (Greig, 1972).
Variation in the size of the B602L PCR product was observed between individual 
ticks, and between different pools of tick tissues. As described in Chapter 6, this 
fragment is one of the most variable on the ASFV genome and contains a variable 
array of repeats encoding a 4 amino acid sequence which changes in number and 
sequence. At 13, 23 and 28 WPI, in addition to the predominant 230bp B602L PCR 
fragment present in the virus isolate used for feeding, bands of around 180, 300 and 
350 bp were detected in whole tick homogenates. Variation in the size of this region 
was also found to occur in the haemocoel, salivary glands and a pool of organs at 8, 
15 and 28 WPI, in which bands of 180, 300 and 400 bp were detected as well as the 
predominant 230 bp band. Interestingly, PCR products that varied in size from that 
present in the original isolate used for feeding, were most frequently observed in the 
salivary gland samples. The presence of multiple bands from the salivary gland 
samples may indicate that high levels of viral replication occurred within these 
organs.
The secretion of virus within the salivary gland is the most likely source of virus for 
tick to pig transmission and successful transmission of ASFV to pigs by infected O. 
moubata ticks has coincided with high viral titres and the presence of virus in the 
salivary gland secretions (Kleiboeker et al., 1998a). Electron micrographs of ASFV
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virions in secretory granules of the salivary glands indicate that this is a likely route of 
transmission during tick feeding (Kleiboeker et al., 1998a).
The PCR products generated by amplification of B602L region that differed in size 
from that present in the isolate used for feeding were confirmed to be from the B602L 
region by sequencing. These products were found to contain small deletions and/or 
silent mutations. The differently sized B602L fragments may have been generated 
during passage in ticks or have been present as a minor sub-population in the original 
virus stock and been amplified during passage in ticks. Virus obtained from 
homogenized ticks was titrated and found to be 5 -  6  logio HAD50 ml  ^ tick (Chapter 
4 ) and thereby exceeded the amount of virus initially ingested within the blood meal, 
confirming viral replication had occurred within the tick. During virus passage in pig 
macrophage cultures titres of 6  -  7 logic HAD50 ml ' were obtained at each passage. 
Thus much greater virus replication occurred during passage in macrophage cultures 
compared to ticks and the appearance of sub-populations of the B602L fragment in 
infected ticks was therefore not related to the amount of virus replication. No 
difference in B602L size was detected after 15 passages in PBM cells (Chapter 6 ) and 
this is in agreement with a previous study in which the size of the B602L variable 
region was shown not to change during passage in pig macrophages. In contrast the 
size of this fragment increased from 350 to 550 bp during 81 passages in MS cells 
(Irusta et al., 1996).
The results presented provide evidence for efficient dissemination of the Rec34 isolate 
from cells of the mid-gut to different organs of the ticks and suggest that virus 
replication occurred in these tissues. In future it would be interesting to measure 
dissemination of the NH/P6 8  virus in different tick organs. Since much lower titres of
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this virus isolate were recovered from whole tick homogenates possibly the virus was 
not disseminated efficiently to different organs.
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6.0 Identification of variable regions of the ASFV genome and use of these for 
studying field isolates
6.1 Introduction
Analysis of the genomes of virus isolates from Europe, West Africa and the 
Caribbean by RFLP analysis has shown that these isolates are closely related, 
particularly in the centre of the genome (Blasco et al, 1989a, Sumption et a l, 1990, 
Wesley & Tuthill, 1984). In contrast, isolates from Southern and East Africa are 
more diverse. The data suggest that isolates from the long-established sylvatic cycle in 
Eastern and Southern Africa are genetically diverse and that several introductions 
have occurred from the sylvatic cycle into domestic pig populations in these regions 
(Bastos et al, 2003, Sumption et a l, 1990, Wesley & Tuthill, 1984). Once introduced 
into pig populations virus can be transmitted between domestic pigs by bites from 
infected ticks (Plowright et a l, 1969a, Thomson, 1985), by ingestion of infected meat 
and by direct contact between pigs (Mebus, 1988).
Restriction enzyme site mapping and sequence analysis of virus genomes has 
established that the central region of the ASFV genome is relatively conserved in 
length but that large length variations occurred particularly within 40 kbp from the left 
end of the genome but also within 15 kbp from the right end of the genome. Many of 
the length variations are associated with gain or loss of members of multigene 
families located close to the genome ends (Blasco et a l, 1989a, Dixon & Wilkinson, 
1988). In addition, smaller length variations are associated with variation in the 
number of tandem repeats which are located at a number of genome positions both 
within coding regions and in intergenic regions between genes (Aguero et a l, 1990, 
Almazan et a l, 1995, Blasco et a l, 1989b, Dixon et a l, 1990, Yozawa et a l, 1994).
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Two types of internal repetitions have been described, long (>200bp) repeats 
associated with the MGFs located next to the terminal inverted repeats at both ends of 
the virus genome; and short (10-50bp) repeats detected in both intergenic and 
intragenic regions. The significance of the intragenic and intergenic short tandemly 
repeated sequences, which have been found at different locations in the ASFV 
genome (Angulo et al., 1992, Dixon et al., 1990) remains unclear.
Partial sequencing of the major capsid protein p72 can genotype ASFV isolates into 
broad groups (Bastos et al., 2003). Sixteen p72 genotypes have so far been identified 
by this method (Bastos et al., 2003, Lubisi et a l, 2005) of which 13 occur in the East 
African region (Lubisi et a l, 2005). Despite their broad geographical origins and 
wide time frames, the majority of European, Caribbean and West African isolates 
cannot be distinguished by this method.
The aim of this work was to define variable regions of the ASFV genome that can be 
used to differentiate between isolates and to develop a standard procedure that would 
group isolates into distinct genotypes and to distinguish between closely related 
isolates within these genotypes. Based upon analysis of the size of PCR fragments 
amplified from several genome regions containing tandem repeat arrays, variable 
genome regions have been identified from a diverse range of ASFV isolates. PCR 
fragment sizes have been confirmed by fragment analysis using a capillary sequencer 
and one of the most variable genome regions, the B602L gene, has been sequenced 
from a wide range of isolates.
6.2 Results
6.2.1 Selection of isolates for study
Isolates used in this study were selected based upon those genotyped by partial p72 
sequence (Bastos et a l, 2003) and are held in the collection at the Institute for Animal
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Health, Pirbright or the Centro de Investigacion en Sanidad Animal, Madrid. Details 
of the European and Caribbean isolates used in this study are shown in Table 6.1 and 
those of the African isolates are shown in Table 6.2.
6.2.2 Selection of variable ASFV genome fragments for analysis by PCR 
amplification.
Primers were designed from regions flanking eight repeat arrays and their ability 
tested to amplify fragments from ASFV isolates from different geographical locations. 
The location of these repeat regions are shown in Figure 6.1. Genome regions 
including the ORFs DP93R (located at the left hand end of the genome) B646L 
(encodes the major viral capsid protein p72), E183L (encodes the structural protein 
p54) and H171R (located at right hand end of genome) did not show significant length 
variation when compared between different isolates and were not included in further 
analysis. The other four genome regions were the B602L (or 9RL) gene in the centre 
of the genome, the KP86R gene from close to the left genome end, a region adjacent 
to the J268L gene and a region between the ORFs E146L and E199L at the right end 
of the Ba71v genome. This region was previously shown to contain between 8 and 38 
copies of a 17 nucleotide repeat (Dixon et a l, 1990) and is located on a 1.25 kbp 
fragment between the left hand end of Bam HI and the right hand end of the Sal I  
restriction fragment in the Malawi Lil 20/1 genome (Sumption et a l, 1990). This 
region has been termed Bt/Sj (Dixon et a l, 1990). J268L is an open reading frame 
located next to a series of repeated sequences and is a member of the MGF 300. The 
repeat region next to J268L contains a set of internal repeated sequences composed of
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Figure 6.1 Genome organisation of the Ba71v isolate showing the location of eight 
tandem repeat containing regions tested in this study.
ORFs are depicted by arrows showing the orientation of transcription and are colour co­
ordinated depending on gene function. Multi-gene families are shown in mid-blue and dark 
blue, structural proteins in red, modifying enzymes in pink, proteins involved in host- 
interactions and immune evasion are shown in black, proteins involved in replication and 
nucleotide metabolism are shown in light blue and genes encoding other proteins are shown 
in orange. The orientations of the arrows denote the direction in which the open reading 
frame is read. The approximate locations of the eight tandem repeat containing regions 
examined in this study, KP86R, DP93R, J268L, B602L, B646L, E183L, H171R and Bt/Sj 
are circled in red. Diagram provided by Dr. Gavin Bowick, adapted from Yanez et al, 1995.
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5 types of 200bp long tandemly repeated units. These units contain a G-rich core of 
10 — 14 nucleotides surrounded by regions with a high A and T content (Almazan et 
al., 1995). The ORF B602L encodes a central region containing twelve base pair 
repeats (Irusta et al., 1996). The central variable region (CVR) of the ASFV genome 
is contained within this ORF. The CVR of the Malawi Lil 20/1 isolate contains a 132 
bp direct repeat (Irusta et al., 1996). The ORF KP86R is cysteine-rich and contains 
tandem repeats identical to the ORF DP86L at the right hand end of the genome 
(Yanez et al., 1995).
6.2.3 Comparisons of the lengths of PCR fragments generated from variable 
genome regions from ASFV isolates.
6.2.3.1 Comparison of viral isolates from Group I (Europe, Caribbean and West 
Africa)
Forty one virus isolates were selected from Western Africa, Europe and the 
Caribbean. These included isolates from Spain, Portugal, Malta, Belgium, Holland, 
Sardinia, Dominican Republic, Haiti, Cameroon, Angola, Benin, Democratic 
Republic of Congo and Senegal. Nineteen of these isolates had been analysed by 
partial sequencing of the VP72 gene and defined (Bastos et al., 2003) as belonging to 
the same group (Group 1). Partial sequencing of the VP72 genes of 23 virus isolates, 
which had not previously been determined, showed no differences in amino acid 
sequence compared to the other isolates that had been placed in Group 1 (Table 6.3) 
and were therefore assigned to Group 1 (see Table 6.1). Primers were used to amplify 
the Bt/Sj, B602L, J268L and KP86R genome regions and the fragments generated 
were compared by agarose gel electrophoresis (Table 6.4). Amplification of the J268L 
genome region from the isolates in Group 1 produced fragments ranging in size from
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Table 6.4 Table of Group I, VIII and X isolates’ J268L, 9R-L, Bt/Sj and KP86R tandem repeat 
fragment sizes by PCR agarose gel estimation.
PCRs were performed on DNA extracted from viral suspensions using the primer pairs J268L-F & 
J268L-R; 0RF9L-F & 0RF9L-R, Mal-Fl & Mal-Rl and KP86R-F & KP86R-R. Column A gives the 
name of the isolate tested and Column B the country of origin. Column C gives the size of the J268L 
PCR product, column D the size of the B602L PCR product, column E the size of the Bt/Sj PCR 
product, and Column F the size of the KP86R PCR product. Product sizes were estimated by then 
relative mobility against a molecular weight marker run on an agarose gel, and are given in kbp.
PCR Product Sizes (Kbp)
Isolate
A
Country
B
J268L
C
B602L
D
Bt/Sj
E
KP86R
F
Group 1
Mad 62 Spain 1.00 0.38 0.60 0.32
Val76 Spain 1.00 0.38 0.60 0.32
Zar85 Spain 1.00 0.38 0.60 0.32
Dom Rep 
Haiti
Dominican
Republic
Haiti
1.00
1.00
0.38
0.38
0.60
0.60
0.32
0.32
Nu 81/1 Sardinia 1.00 0.38 0.60 0.32
0ri85 Sardinia 1.00 0.38 0.60 0.32
Nu79 Sardinia 1.00 0.38 0.60 0.32
Malta 78 Malta 1.00 0.43 0.60 0.32
Nu 86 Sardinia 1.00 0.2 0.60 0.32
On 90 Sardinia 1.00 0.2 0.60 0.32
Nu84 Sardinia 1.00 0.2 0.60 0.32
Nu 90/1 Sardinia 1.00 0.2 0.60 0.32
Nu 95/4 Sardinia 1.00 0.2 0.60 0.32
Bel 85 Belgium 1.00 0.3 0.60 0.32
Hoi 86 Holland 1.00 0.3 0.60 0.32
Cam 82 Cameroon 1.00 0.4 0.60 0.32
Ang 72 Angola 1.00 0.28 0.60 0.32
Ang 70 Angola 1.00 0.28 0.60 0.32
Dakar 59 Senegal 1.40 0.28 0.60 0.25
Katanga
63
Dem. Rep. of 
Congo 1.40
0.34 0.80 0.25
Lis 60 Portugal 1.00 0.38 0.80 0.25
Lis 57 Portugal 1.00 0.28 0.80 0.25
Viet 90/1 Zimbabwe 1.00 0.28 0.60 0.25
OurT88/2 Portugal 0.80 0.6 0.60 0.32
OurT88/3 Portugal 0.80 0.6 0.60 0.32
OurT91/l Portugal 1.00 0.38 0.80 0.32
OurT88/l Portugal 1.00 038 0.80 0.32
PCR Product Sizes (Kbp)
Isolate Country J268L B602L Bt/Sj KP86R
A B C D E F
Group 1
Tom 86 Portugal 0.80 0.38 0.60 0.32
Per 86 Portugal 0.80 0.38 0.60 0.32
Coi 86 Portugal 0.80 0.38 0.60 0.32
San 86 Portugal 0.80 0.38 0.60 0.32
Mon 84 Portugal 0.80 0.38 0.60 0.32
Vis 86 Portugal 0.80 0.38 0.60 0.32
Port 99 Portugal 0.80 0.38 0.60 0.32
Ben 97/3 Benin 1.60 0.15 0.60 0.32
Ben 97/5 Benin 1.00 0.45 0.60 0.32
Ben 97/6 Benin 1.00 0.45 0.60 0.32
Ben 97/2 Benin 1.00 0.45 0.60 0.32
Ben 97/1 Benin 1.00 0.45 0.60 0.32
Cam 85/4 Cameroon 1.00 0.45 0.60 0.32
Group VIII
NDA 90/1 Malawi 1.00 0.30 0.60 0.25
Zom 84/2 Malawi 1.00 0.30 0.80 0.25
Kal 88/1 Zambia 1.00 0.35 0.60 0.25
Jon 89/13 Zambia 1.00 0.30 0.70 0.25
Kav 89/1 Zambia 1.00 0.40 0.60 0.25
Group X
KWH12 Tanzania 1.00 0.25 0.60 0.25
Uga 95/3 Uganda 1.00 0.25 0.60 0.25
Hinde 11 Kenya 1.00 0.20 0.60 0.25
Bur 84/1 Burundi 1.00 0.20 0.60 0.27
Bur 84/2 Burundi 1.00 0.20 0.60 0.27
Bur 90/1 Burundi 1.00 0.20 0.60 0.27
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0.8 to 1.6 kbp. Based on this analysis the viruses could be sub-grouped into 4. 
Amplification of the B602L variable region produced fragments ranging in size from 
0.15 to 0.6 kbp and enabled ten different groups of viruses to be distinguished (Figure 
6.2). Amplification of the Bt/Sj genome region produced fragments of either 0.6 or 
0.8 kbp. Using primers flanking the KP86R gene, PCR generated products of either 
0.25 or 0.32 kbp and enabled 2 groups of isolates to be distinguished. Combining the 
data from the analysis of all four of these variable genome regions, 16 subgroups of 
Group I viruses could be distinguished from the 41 isolates analysed (Table 6.4). In 
several cases isolates from the same country fell into one or two groups. For 
example, 5 isolates from Sardinia isolated between 1984 and 1990 were in one group 
and a further 3 Sardinian isolates were plaeed in a second group based on a difference 
in size of the ORF B602L fragment. The Lisbon 1957 (Lis 57) isolate was placed in a 
separate group and so was the Lisbon 1960 isolate (Lis 60). Six other more recent 
isolates obtained from Portugal in the 1980s were placed in the same group (Vis 86, 
Tom 86, Por 86, Coi 86, Mon 84, San 86). These isolates are all from a region north 
of the River Tagus and have previously been grouped together based on RFLP 
mapping of the complete genome (Boinas et a l, 2004). Two other virus groups were 
distinguished from Portugal, one group containing the Our T88/1 and Our T91/1 
isolate and a second group containing the Our T88/2 and Our T 88/3 isolates. These 
isolates were obtained from the southern Alentejo region of Portugal from O. 
erraticus ticks inhabiting pig houses. It is likely that these had persisted in tick 
populations for long periods since they were isolated months or years after ASFV had 
occurred in pigs on the farms concerned (Boinas et a l, 2004).
Isolates from the Dominican Republic and Haiti were placed in the same group with 
the three Spanish isolates analysed (Mad 62, Val 76, Zar 85). Five isolates were
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Figure 6.2 Agarose gel images of B602L fragments amplified by PCR from a variety 
of ASFV isolates.
PCR was performed using the primers 0RF9L-F and 0RF9L-R using DNA extracted 
from virus suspensions as a template for the reaction. Panel A; PCR products from 
European, Caribbean and West African ASFV isolates. Panel B: PCR products from 
ASFV isolates from Malawi and Zambia. Panel C: PCR products from ASFV isolates 
from Burundi, Kenya, Uganda and Tanzania. Negative controls were performed in the 
absence of DNA template. PCR products were run on a 1.6% agarose gel, and sized 
against a lOObp or 1Kb ladder (Biogene).
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obtained from Benin from ASF outbreaks occurring in pigs from 1997. Interestingly 
these were placed into 2 different groups based on variation in size of the B602L and 
J268L fragments. The Katanga 63 isolate from the Democratic Republic of the 
Congo was individually identifiable.
6.23.2 Comparison of viral isolates from Group VIII (Malawi and Zambia)
Five isolates from Malawi and Zambia in East Africa, which had been placed into the 
same group by partial sequencing of the VP72 gene (Bastos et a l, 2003)(Group VIII), 
were compared by length of the four variable regions described above. Each of these 
isolates could be distinguished from each other based on length variations of these 
four variable genome regions (Table 6.4). The size of the J268L and KP86R genes 
were the same for all Group Vlll isolates, although the B602L gene (Figure 6.2) and 
Bt/Sj fragment placed the isolates into 3 groups.
6.2.3.3 Comparisons of viral isolates from Group X (Uganda, Burundi and 
Tanzania)
Six isolates from Uganda, Burundi and Tanzania were compared which had been 
compared by partial sequencing of the gene encoding the VP72 protein and placed in 
the same group (Group X) (Bastos et a l, 2003, Lubisi et a l, 2005). By comparison of 
lengths of PCR fragments generated from the four variable genome regions these 
isolates could be placed into three different groups (Table 6.4). Isolates obtained from 
Burundi in 1984 and 1990 could not be distinguished from each other, whilst isolates 
from Tanzania and Uganda grouped together. The Hinde II isolate (Kenya) was 
individually identifiable. Analysis of the J268L and Bt/Sj regions did not distinguish 
between the isolates. Analysis of the ORF B602L enabled two sub-groups of viruses
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to be distinguished (Figure 6.2) and analysis of KP86R distinguished two sub-groups 
of viruses.
6.2.4 Comparison of PGR product size estimation by agarose gel electrophoresis 
to fragment analysis using a capillary sequencer.
Fragment analysis relies upon the principle of PGR. PCRs were performed replacing 
one primer with a dye-labelled primer. The PGR products generated from these 
reactions are incorporated with the dye from the primer. Product size can then be 
measured by a capillary sequencing machine by comparing the mobility of the 
labelled PGR product compared to a dye-labelled ladder. A panel of PGR products 
obtained from Group I isolates were screened by fragment analysis using a capillary 
sequencing machine to determine the accuracy of fragment size estimation by agarose 
gel electrophoresis (Table 6.5). The results show in general a good agreement in the 
size of fragments estimated by both methods. For example, differences in the size 
estimates by agarose gel electrophoresis compared to sequencing were between 1 and 
22 bp for the B602L fragment, between 2 and 20 bp for the Bt/Sj fragment and 
between 2 and 4 bp for the KP86R fragment. Fragment analysis using the capillary 
sequencer is accurate to a single nucleotide so offers some advantages in accuracy. 
However this method is applicable only to relatively small fragments, between 60 and 
640 bp in length, and hence could not be used for the larger fragments greater than 
650 bp generated from tandem repeat arrays.
6.2.5 Gomparison of ORF B602L sequences from ASFV isolates
The sequencing of the B602L gene was performed in collaboration with Garmina 
Gallardo and Esther Blanco at the Centro de Investigaeion en Sanidad Animal
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Table 6.5 Comparison of B602L, Bt/Sj and KP86R PGR fragments as estimated by 
agarose gel electrophoresis to sizes measured by fragment analysis using a capillary 
sequencer.
PCRs were performed on DNA extracted from viral suspensions using the primer pairs 
0RF9L-F and 0RF9L-R, Mai FI and Mai R l, and KP86R-F and KP86R-R. Product sizes 
were estimated by their relative mobility against a molecular weight marker run on an 
agarose gel. Fragment analysis was performed in a PGR reaction using the appropriately 
Well Red Dye-labelled primer and its corresponding unlabeled primer. Agarose gel-purified 
PGR products were used as a template for the fragment analysis reaction using a 600bp size 
standard (Beckman Coulter). Fragment analysis measurements were taken using a Beckman 
Coulter GEQ8000 capillary sequencer. Column A gives the name of the isolate tested and 
column B the genotype of the isolate by partial p72 sequencing. The size of the B602L 
fragment is given by fragment analysis in column G and by agarose gel estimation in column 
D. The size of the Bt/Sj fragment is given by fragment analysis in column E and by agarose 
gel estimation in column F. The size of the KP86R fragment is given by fragment analysis in 
column G and by agarose gel estimation in column H. All products sizes are given in kbp.
B602L (kbp) Bt/Sj (kbp) KP86R (kbp)
Isolate p72 Fragment Agarose Fragment Agarose Fragment Agarose
Genotype Analysis Gel Analysis Gel Analysis Gel
A B G D E F G H
Nu 95/4 I 0.202 0.200 0.619 0.600 0.317 0.320
Nu 86 I 0.202 0.200 0.619 0.600 0.317 0.320
Ori 90 I 0.201 0.200 0.619 0.600 0.317 0.320
Nu 84 I 0.202 0.200 0.619 0.600 0.317 0.320
Kat 63 I 0.331 0.340 ND ND ND ND
Lis 60 I 0.357 &380 ND ND 0.318 0.320
Tom 86 I 0.357 fr380 0398 0.600 ND ND
Por 86 I (1357 fr380 ND ND 0.317 0.320
San 86 I 0.357 0380 ND ND 0.318 0.320
Vis 86 I (1357 0.380 0.620 0.600 0.317 0.320
Ori 85 I &358 0.380 0.619 0.600 0.316 0.320
Nu 79 I (1358 0.380 ND ND ND ND
Uga 95/3 VIII 0.251 0.250 ND ND ND ND
NDA 90/1 VIII 0.314 0.300 ND ND ND ND
Kal 88/1 VIII fr339 0.350 ND ND ND ND
Bur 84/1 X 0.165 0.200 ND ND ND ND
Hinde II X 0.259 0.280 ND ND ND ND
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(CISA), Madrid, Spain Table 6.1 indicates which isolates 1 sequenced and which were 
sequenced at CISA.
6.2.5.1 Isolates from West Africa, Europe and the Caribbean
To determine if sequencing of the B602L variable genome region could provide more 
information about relationships between isolates we determined the sequence of this 
genome region from 41 isolates that had been compared by analysing variation in 
PCR fragment size plus an additional 48 isolates that were sequenced at the CISA. As 
previously described, the B602L variable genome region contains 12 bp repeats which 
encode 4 amino acids that vary in number and sequence when genomes of different 
isolates are compared. In all 22 different sequences of amino acid tetramers were 
identified from the sequenced isolates. These were given code numbers depending on 
their sequence as previously described (Irusta et al., 1996) and shown in Table 6.6. 
Fifty isolates from Europe the Caribbean and Brazil, which were placed into the same 
Group 1, were divided into 13 sub-groups based on B602L sequences. For all of these 
sequences a process of sequence divergence of individual tetramer sequences 
combined with unequal crossing over during replication could have explained how 
isolates were derived from each other. The most common tetramer encoded by these 
isolates was CAST (coded as A in Table 6.6) and variable numbers of this repeat were 
encoded by different isolates. The triplet of tetramers coded BN A, where B is CA DT 
or CTDT, N is NVDT or NVGT, was repeated several times in different isolates. 
Repeat arrays in most European, Caribbean and Brazilian isolates ended at the C- 
terminus with the sequence of tetramers DBNAF(A) where D is CASM, N is NVDT 
or NVGT and F is CANT. Exceptions to this were the Portuguese isolate Our T88/1 
from which the NAF(A) was missing and Spanish isolates M61, Co62, Co61 from
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Table 6.6 B602L Amino acid tetramer sequence of ASFV isolates.
Sequence reactions were performed using agarose gel purified PCR products as template for the 
sequencing reaction, and the primers 0RF9L-F and 0RF9L-R. Column A gives the sub-group of 
isolates based upon the B602L amino acid sequence. Column B shows the countries from which 
isolates occur that fall into the B602L sub-group, and column C gives the names of the isolates. 
Column D shows the genotype of the isolates based upon partial p72 sequencing. Column E gives the 
amino acid tetramer sequence of the B602L sub-group, and column F shows the number of tetramers 
within the sequence. Key: A, CAST; a, CVST, CTST, CASI; B, CADT, CTDT; C CAST, GANT; D, 
CASM; F, CANT; N, NVDT, NVGT; T, NVNT; H, RAST; S, SAST; O, NANI, NADI, NASI; and 
V, NAST, NAVT, NANT, NADT.
Sub- Country Isolates P72 CVR Amino acid sequence No.
Group
A B C
Genotype
D E
repeats
F
I Spain M 61 Co 62 I -A— BNAAAAAA- BABNABNABNAB------- -TD-- FA 25
II Spain Co 61 I -AAABNAAAAAAAACBNABNABNAB--- -TD-- FA 28
III France Fr 64 I -A--BNAAAA--- CBNABNABNAB---- -TDBNAF 24
Portugal Mon 84 
Por 86 
San 86 
OurT91/l
Vis 86 
C o i 86
Tom 86 
Port 99
Sardinia C a 7 8
Nu 81 
Ori 84 
S s 8 8
Nur 79  
S s 8 1  
O r i 85  
Nu 9 8 /8 B
Spain Ali 61 
Av 71 
B7 4 
Mu 82 
Sa 88  
Hu 90 
646
Mad 62 
Val 7 6 
E75
Zar 85 
S e  88
Hu 95
Haiti Haiti
IV Portugal Our T88/1 I -A--BNAAAA-- CBNABTABNAB----- -TDB 21
V Spain Ba71v I -A— BNAAAAAAACBNABNABNAB--------- -TDBNAFA 28
Portugal Por 63
VI Malta Malta 78 I -A— BNAAAA-- CBNABNABNABNABNABTDBNAFA 31
VII Belgium B e l  86 I -A— BNA------------- BNABNAB---------------- -TDBNAFA 18
Holland Hoi 86
VIII Portugal Lis 60 I -A--BNAAAA-- CBNABNABNA------■DTDBNAFA 25
IX Spain Co 68 I -A— BNAAAAA--CBNABNABNA-----------■BTDBNAFA 26
X Sardinia Nu 90 
Ori 90 
Nu 91/5 
Nu 95/4 
C a 9 7  
Nu 98/3
Nu 90/2 
Nu 9 1 /3  
Nu 95/1 
Nu 96  
Nu 97 
Nur 95/4
I A BNAAA --DBNAFA 12
XI Dominican
Republic
Dom Rep I - A-BNAAAA---- C BNABNABN----------- --DBNAFA 22
XII Brazil Brazil 78 I -A- - BNAAAA-------CBNA-----------------------BTDBNAFA 19
XIII Angola An g 7 0 Ang 72 I -AA-BNA---------------------------------------------BTDBNAAAA 14
Portugal Lis 57
XIV Zaire Kat 67 I -AAAAAAAABNA----------------- -BTDBNAAAAAAA 23
XV Cape Verde C V 8 7 C v 9 8 I -AABNABNA-------------------- -BTDBNAAAA 17
XVI Cameroon Cam 82 I -A-BNAAAA---- CBNA------------BTDBNAAAAANA 23
XVII Zambia Viet 90/1 I BNAAFN -BTDBTAFF 14
XVIII Benin Ben 97/3 I AAABNABA 8
XIX Benin Ben 97/6 I -A-BNAAAA---- CBNAAAAA-CBNAAAAA-CBNAAAACBNAFA 36
XX Nigeria Nig 01 -AAA----------CBN AAAAAAC BNAAAAAAC BNAAAACBN A 32
XXI S. Africa Ten 6 0 V -ABNBBVa 7
XXII Mozambique Moz 94/1 VI -AAAA----------------- BABNABABNBTBA 17
X X III Mozambique Moz 64 -A-----BNAAAaBNBNBABN-BABTAa 21
XXIV Uganda Uga 95/1 IX -AAA-- BNABBNABBNABBaaBBNABNBA 26
XXV Uganda Uga 9 5/3 X -AAAAAABNaABA 12
XXVI Kenya
Burundi
Hinde II 
Bur 84/1 
Bur 90/1
Bur 8 4 / 2
X -AAA-- BNAAAAAAAAAABA 17
XXVII Botswana Bots 1/99 III -BVSVSV-- VNAAABAB 14
XXVIII Zambia Kal  8 8 / 1 VIII -AVSVSVSVSVNAAAAAAACBNABNABNABT- 30
XXIX Malawi Malawi Lil 20/1 VIII - AVSVS-- OVNA---ONOWNVOVNAVNOWN - - OVOOV 31
XXX Malawi Malawi 7 8 VIII AVSVS BWVAVNOWNVNWNAANOWDBOVOOV 34
XXXI Malawi Zom 84/2 VIII -AVSVS------V W A V N O W N V----- ------ OVOOV 21
which BNA was missing, and Lisbon 57 isolate which lacked the FA sequence. The 
largest sub-group of European isolates (Sub-group III) contained 30 isolates from 
Sardinia, France, Spain, Haiti and Portugal. Sardinian isolates could be distinguished 
into 2 sub-groups. All of the isolates from prior to 1990 and one isolate from 1998 
(Nu 98/SB) were placed in the sub-group 111 and the remaining 12 Sardinian isolates 
from 1990 to 1998 were grouped together and separate from any other isolates into 
sub-group X. These Sardinian isolates contained repeat arrays from which 12 tetramer 
repeats were deleted from the centre of the array compared to the sub-group 111 
viruses.
The isolate from the Dominican Republic (sub-group XI) differed from sub-group 111 
isolates by deletion of the tetramer sequences ABT from the centre of the array. The 
Spanish isolates were separated into 4 different sub-groups. The largest sub-group 
contained 13 isolates obtained between 1962 until the 1990s and were in sub-group 
111. Another group of 2 Spanish isolates (M61, Co62) were placed together and were 
distinguished from other isolates. The Portuguese isolates grouped into 4 sub-groups. 
The Lisbon 57 isolate grouped with two isolates from Angola, (Angola 70 and Angola 
72) although by analysis of the size of the four variable fragments, the Lisbon 57 
isolate was individually distinguishable. For some isolates, B602L sequence analysis 
also did not distinguish between isolates that could be distinguished by fragment size 
analysis. For example within sub-group 111, defined by sequence analysis of B602L, 
isolates from Spain (Ali 61, Mad 62, Av 71, Val 76, B 74, E 75, Mu 82, Zar 85, Sa 88, 
Se 88, Hu 90, Hu 95, 646), Haiti, Sardinia (Ca 78, Nu 79, Nu 81, Ss 81, Ori 84, Ori 
85, Ss 88, Nu 98/8B) were indistinguishable from some of the isolates from Portugal 
(Tom 86, Por 86, Coi 86, San 86, Mon 86, Vis 86). However these Portuguese 
isolates could be distinguished from the other isolates based on size of the J268L
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fragment (0.8 kbp compared to 1 kbp). In contrast, two Portuguese isolates (Our 
T91/1 and Our T88/1) that were indistinguishable by tandem repeat fragment size 
could be distinguished by their B602L sequence. Sequence analysis showed that the 
two isolates differed by 3 amino acid tetramers (24 compared to 21 repeats) and the 
small size difference (12 nucleotides) would have been difficult to distinguish by 
agarose gel electrophoresis. Isolates from Holland and Belgium (sub-group Vll) were 
indistinguishable from each other but differed from other isolates. Epidemiological 
data has also linked these outbreaks together (Bastos et al., 2003).
Isolates from the Caribbean and Brazil are closely related to those from Europe and 
West Africa based on VP72 sequencing. The isolates from Haiti (1981) were placed 
in sub-group 111 based on B602L sequencing whereas the isolate from Dominican 
Republic was placed in a separate group which contained 3 fewer tetramer repeats.
The 9 West African isolates that were placed into Group 1 by VP72 sequencing, 
could be sub-divided into 7 sub-groups based on number and sequence of amino acid 
tetramer repeats. The number of tetramer repeats varied from 9 to 36, and 10 different 
tetramer sequences were encoded. Two isolates from Benin (Benin 97/3 and Benin 
97/6) could be distinguished by sequence, as was expected from analysis of the size of 
the B602L fragment (Genotypes XVlll and XIX, respectively). The isolates from 
Benin 97/6 and Nigeria 01 contain a characteristic pattern of tetramer repeats 
CBNAAAAA(A) which was not present in other isolates and suggests that these 
isolates are more closely related to each other than to the others
6.2.S.2 Isolates from South and Eastern Africa
The variable B602L region was sequenced from the genomes of 15 isolates from East 
and Southern Africa which were placed into Groups other than Group 1 by partial
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sequencing of the VP72 gene. The number of amino acid tetramer repeats varied 
between 14 and 34 and the 12 isolates sequenced could be separated into 10 sub­
groups. These isolates encoded amino acid tetramers which were not identified in the 
genomes of the isolates from Group I, including sequences NAST, NAVT, NANT, 
NADT (labelled V in Table 6.5) and NANI, NADI and NASI (labelled O on Table 
6.6) as was expected given their genetic diversity from the Group I isolates. The V 
tetramers were encoded by one isolate from Botswana (Bots 1/99) which was placed 
in Group III by partial VP72 sequence and 4 isolates from Malawi and Zambia which 
were placed in Group VIII. The latter isolates also encoded the O tetramer. The 
remaining isolates from Kenya, Mozambique, Uganda and Burundi which were 
placed in Groups IX and X by partial VP72 sequence, encoded tetramers which more 
closely resembled the Group I isolates.
6.3 Stability of the B602L variable region following passage in pig macrophages
The stability of the B602L variable region following passage in pig macrophages 
were compared. To do this, pig macrophage cultures were infected with the ASFV 
isolates CaV 93 or Gui 92 and after 5 days virus recovered from the supernatant of 
cell cultures was harvested and used to re-infect fresh macrophage cultures. This was 
repeated for 15 passages and the B602L variable fragment was amplified by PCR 
from virus collected at each passage. This analysis showed that no variation in size of 
the B602L fragment was detected during these passages (Figure 6.3, Panels A and B). 
This is in agreement with a previous study in which the size of the B602L variable 
region was shown not to change during passage in pig macrophages. In contrast the 
size of this fragment increased from 350 to 550 bp during 81 passages in MS cells 
(Irusta et al., 1996).
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Figure 6.3 Agarose gel image of B602L fragments amplified by PCR following serial 
passage of virus in porcine alveolar macrophages
PCR was performed using the primers 0RF9L-F and 0RF9L-R using DNA extracted 
from virus suspensions as templates for the reaction. Panels A and B show PCR 
products of the B602L region following serial passage of virus through porcine alveolar 
macrophages. Products from up to 15 passages of isolate Gui 92 are shown in Panel A 
and from CaV93 in Panel B. Lane headings indicate the number of passages of virus 
from which the PCR was performed. PCR products were run on a 1.6% agarose gel, and 
sized against a lOObp ladder (Biogene). Negative controls were performed in the 
absence of DNA template.
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6.4 Discussion
Variable regions of the ASFV genome have been investigated and their use in 
distinguishing between closely related virus isolates has been examined. Two 
approaches were taken to study genome variability. Firstly, four genome regions 
containing arrays of tandem repeats located either within coding regions or in 
intergenic regions were amplified by PCR and the size of the fragments produced 
compared. The accuracy of these fragment sizes was also established by fragment 
analysis using a capillary sequencer. The nucleotide sequence of the most variable 
fragment, a region of the B602L gene, was also determined.
In a previous studies, a conserved region of the ASFV genome, part of the gene 
encoding the major virus capsid protein p72 protein (Bastos et al., 2003, Lubisi et al., 
2005) was sequenced from a range of different isolates. This analysis was useful to 
distinguish between genetically diverse isolates but did not distinguish between 
closely related isolates. For example, the largest group of isolates grouped together 
by this analysis included a wide group of viruses from Europe, the Caribbean and 
West and Central Africa obtained over a wide time period (Bastos et al., 2003) and 
were all placed in Group I.
In this study, the comparison of four variable genome regions by analysis of PCR 
fragment sizes enabled 41 isolates from Europe, the Caribbean and West Africa, 
which were placed in the same group by partial sequencing of the p72 gene, to be sub­
grouped into 16 groups. In general, the viruses were sub-grouped according to the 
country of isolation and in some cases more than one virus sub-type was identified 
from a single country. For example isolates from Sardinia were placed in two groups. 
One group included all, except one, of the isolates obtained since 1990. This evidence
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supports the epidemiological data that virus is circulating in Sardinia (Laddomada ct 
al., 1994; Contini et a l, 1984) and will provide a method for tracing isolates from 
Sardinia if they are introduced into another country. Interestingly, the isolates from 
Benin were placed in 2 different sub-groups based on variation in size of the B602L 
and J268L fragments. The variation in 2 separate fragments between these isolates 
suggests that 2 different isolates were present in Benin in 1997 rather than one isolate 
having been derived from another. In addition, isolates from Portugal were placed in 
4 different sub-groups which in part reflect the relatively large number (13) of isolates 
from Portugal that were analysed. Interestingly, amongst the 5 isolates obtained from 
ticks inhabiting pig premises in the southern part of Portugal, 3 different sub-groups 
could be distinguished. Possibly the persistent infection of ticks over long periods 
results in a greater genome variation. Analysis of virus obtained from ticks at various 
times after feeding on an ASFV-infectious blood meal suggested that virus 
subpopulations are readily detected in persistently infected ticks (Chapter 5). Despite 
the fewer Southern and Eastern African isolates studied, isolates placed into a single 
genotype by partial sequencing of the p72 gene could also be sub-divided into groups 
by this method. For example, 5 isolates from Malawi and Zambia placed in the same 
group by p72 sequencing were each individually distinguishable. As previously 
reported the Bt/Sj fragment in these isolates is more variable than in other isolates 
(Dixon et a l, 1990). This may reflect an expansion of the tandem repeats in this 
genome region in these isolates. Although the isolates from Malawi and Zambia were 
from pigs, O. moubata ticks are known to inhabit pig houses in this region and are 
thought to play a role in virus transmission (Haresnape & Wilkinson, 1989). Possibly 
long term persistent infection of ticks may also be important for generating genome 
diversity in this region.
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Fragment size analysis identified the B602L ORF as the most variable genome region. 
The sequencing of this genome region from 81 different isolates confirmed the 
fragment size data and enabled additional virus genome sub-groups to be identified. 
Nineteen subgroups within 66 isolates from Group I VP72 genotype were identified 
by sequencing the variable B602L fragment. The four isolates from Group VIII from 
Malawi and Zambia were also distinguished from each other. Four Group X isolates 
from Burundi and Kenya grouped together based on B602L sequence, whilst the 
Ugandan Group X isolate was distinguishable from these.
The variable region of ORF B602L consists of repeated amino acid tetramers that 
vary in number and type. In this study 23 different amino acid tetramers were 
identified, although the tetramers CA(D/N)T and NV(D/N)T were most frequently 
encoded. Thirty six amino different B602L sequences were identified, with the 
number of tetramers encoded per virus genome ranging from 8 to 34. The reasons for 
the variability of the B602L protein are not clear. The protein has been reported to act 
as a chaperone involved in assembly of the p72 capsid protein into virions, although 
B602L protein itself was reported not to be incorporated into virions (Cobbold et a l,
2001). Analysis of the principle serological determinants detected following infection 
of pigs with ASFV showed that B602L protein was one of the 14 proteins against 
which antibodies were generated (Kollnberger et a l, 2002). Variation in the sequence 
of the amino acid tetramers could provide a mechanism to generate antigenic variation 
and help the virus to evade an antibody response. Although the B602L protein has 
been reported not to be incorporated into extracellular virions, it may be released from 
cells that are lysed following infection and thus stimulate an antibody response. 
Tandem repeat arrays are encoded within several different ASFV proteins (Yanez et 
a l, 1995) including the E183L (also named jl3L  and p54) protein and EP402R (also
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named CD2v protein) and variation in the number and sequence of these repeats 
between different isolates has also been observed. The E183L (or p54 protein) is a 
virus structural protein which has an important role in virus entry and morphogenesis 
and is one of the proteins against which antibodies are detected during virus infection 
of pigs (Alonso et al., 2001, Gomez-Puertas et al., 1998, Rodriguez et al., 1994). 
Proline-rich tandem repeats are located in the cytoplasmic tail of the CD2v protein 
and act as a binding site for the actin binding adaptor protein SH3P7/mabpl (Kay- 
Jackson et al., 2004).
As previously described partial sequencing of the VP72 gene is useful to place ASFV 
isolates in broad genotypes (Bastos et al., 2003, Lubisi et al., 2005). The approaches 
described in this chapter have both helped to distinguish between closely related 
ASFV isolates. Each approach could distinguish between some isolates that weren’t 
distinguished by the other method suggesting both methods could be used in parallel. 
This procedure is a relatively low technology approach that would be suitable in 
developing countries where outbreaks of ASF can occur frequently. Other methods of 
genotyping viruses are also available. Immunoassays such as direct fluorescent 
anitibody or ELISA are dependent on the quality and availability of antiserum. This 
can be further impeded due to existence of a large number of constantly evolving 
serotypes which can inhibit antibody based detection. More recently, PCR has 
provided a rapid method to genotype viruses, although it can be difficult to design 
compatible multiplex primer sets (Elnifro et al., 2000) and the maximum number of 
viruses detectable in a single assay is relatively small (Broude et al., 2001). Other 
approaches can be labour intensive and include restriction enzyme analysis, 
sequencing and hybridisation of PCR products (Andréoletti et al., 2000, Liolios et al., 
2001, Takeuchi et al., 1999, Vinje & Koopmans, 2000). Whole genome approaches
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to virus identification involve mieroarray-based detection which can detect hundreds 
of viruses (Wang et a l, 2002) although providing vast amounts of data, this is an 
expensive system to implement and is unlikely to be affordable in developing 
countries.
The amplification by PCR of variable regions of the genome offers a simple and 
cheap way in which to genotype isolates. It is important in ASF-endemic countries to 
be able to genotype isolates quickly, thereby providing information on the spread of 
virus. This information would therefore allow disease security measures to be 
implemented appropriately.
The ASFV genome contains a number of other regions that contain tandem repeat 
arrays and hence the approach we describe could be extended to the analysis of size 
variation in additional repeat arrays. In this way it may be possible to distinguish 
between closely related isolates that have not been distinguished using either of the 
methods that have been described and in this way extend knowledge of virus 
evolution and epidemiology.
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7.0 Discussion
The main aim of this project was to gain a better understanding of ASFV interaction 
with its tick vector. This was achieved in two ways: Firstly, the kinetics of ASFV 
replication in O. erraticus ticks was studied using different virus isolates. Previously 
most studies had followed the time course of ASFV infection in O. moubata ticks and 
the kinetics of infection in O. erraticus had been studied relatively little. Secondly, 
virus components required for efficient replication in ticks were investigated using 
different virus isolates and using recombinant viruses in which the haemadsorption 
phenotype was restored by re-insertion of an EP402R gene encoding a CD2v protein 
which caused haemadsorption.
A final aim of the project was to identify variable regions of the ASFV genome and 
investigate the use of these to distinguish between closely related virus isolates.
7.1 The kinetics of ASFV replication in O. erraticus ticks.
The kinetics of replication of three field isolates and two recombinant viruses was 
studied (see Chapters 3 and 4) by infecting ticks by membrane feeding and measuring 
the titre of virus recovered from total tick extracts at different times between 2 and 49 
WPI.
One interesting result not reported previously was that mean tick titres were generally 
found to decrease from 20 WPI of an infectious blood meal, independently of the field 
isolate ticks were infected with. This reduction in titre may result from viral clearance 
by the tick immune system. Little is known about the tick defence to microorganisms 
ingested by blood feeding, although two types of immune response have been 
distinguished in invertebrates based on the nature of the effectors involved.
The humoral immune response depends on haemolymph components and results in 
haemolymph coagulation, melanisation, synthesis of anti-microbial peptides (AMPs)
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secreted into the haemolymph (Leelerc & Reichhart, 2004) and interfering RNAs 
(RNAi). The cellular immune response is mediated by the haemoeytes and leads to 
phagocytosis and encapsulation of the pathogens (Loker et al., 2004). Together, these 
responses are referred to as innate immune responses because they involve microbial 
pattern recognition proteins (PRP) encoded by the germline (Hoffmann et al., 1999). 
The expression of PRPs in response to microbial infections of the invertebrate (Choc 
et al., 2002) activates two signalling pathways. Toll and the immune deficiency (IMD) 
pathway. Both pathways culminate in the activation of an NFkB/ 
reticuloendotheliosis (Rel) family transcription factor and are reminiscent of the Toll­
like receptor (TLR)/Interleukin-1 receptor (Il-IR) and tumour necrosis factor (TNF)-a 
pathways that are involved in innate immune defence in mammals (Loker et al., 
2004). AMPs are synthesised by the fat body and secreted into the haemolymph 
(Leclere & Reichhart, 2004) in response to the Toll and IMD signalling pathways. 
The only tick haemolymph proteins that have been purified and partially characterised 
are vitellogenins, accounting for more than 90% of the female tick plasma protein, 
and a new member of the a-2-maeroglobulin protease inhibitors, tick a-2- 
macroglobulin (TAM) (Kopacek et al., 2000). A lysosyme from the gut of O. 
moubata (Kopacek et al., 1999) and a bovine haemoglobin fragment from the gut of 
the tick Boophilus microplus (Fogaca et al., 1999) are the only reports of specific 
antimicrobial substances in ticks, although noticeably the tick midgut has been 
identified as lacking many proteolyic enzymes (Nakajima et al., 2003). Four 
isoforms of a member of the arthropod AMP defensin family have also been identified 
from O. moubata and their expression in the midgut was reported to be upregulated in 
response to blood feeding (Nakajima et al., 2001).
RNAi is a sequenee-speeifie response initially triggered by dsDNA that subsequently 
targets any cytoplasmic RNA sharing homology with the triggering sequence. It is a
-164 -
basic trans-eukaryotic genome defence against viruses (Hannon, 2002, Plasterk,
2002). The importance of RNAi as a viral defence mechanism is not well 
characterised in invertebrates (Loker et al., 2004) although some DNA viruses of 
plants have been shown to be silenced by interfering RNAs (Voinnet, 2001).
As discussed in Chapter 1 and the following section 7.3, ASFV encodes several 
proteins which interfere with host defence systems including several which may 
fonction in the invertebrate host. Possibly these facilitate virus replication and 
persistence in the tick vector.
7.2 Replication of different field isolates of ASFV in O. erraticus.
In Chapter 3, experiments were described in which ticks were infected with two 
Portuguese isolates, Lisbon 60 (1960) and Portugal 99 (1999) and the Sardinian 
isolate Nu 95/4. Both of the Portuguese isolates, despite the large difference in their 
time of isolation, were found to efficiently infect and replicate within O. erraticus 
ticks. Significantly higher titres were observed in the Portugal 99 experimentally 
infected ticks, and it was demonstrated that this isolate could persist in ticks up to 
60WPI.
At 0, 32 and 63 weeks post outbreak, ASFV DNA was detected in 42%, 26% and 
23% of ticks collected from the farm of the Portugal 99 outbreak and in the same 
study, higher viral titres were isolated from ticks at 32 weeks post outbreak (Basto et 
a l, 2006). Viral titres of 4 -  5 logio HAD50 tiek'^ persisted up to 20 WPI in 
experimentally infected ticks, and titres of up to 4.3 logio HAD50 tick‘d were recovered 
from ticks collected 32 weeks after the outbreak (Basto et a l, 2006). The data from
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the Portugal 99 experimentally infected ticks and those ticks that were field collected 
(Basto et a l, 2006) strongly suggest that O. erraticus continue to pose a threat as a 
reservoir of virus.
In Chapter 3, experiments were also described in which ticks were experimentally 
infected with a third field isolate, Nu 95/4 from Sardinia, where ASFV is endemic but 
Ornithodoros ticks are not found. Studies confirmed that this isolate was able to 
persist in ticks up to 20 WPI. Testing ticks that had been membrane fed Nu 95/4 or 
Lisbon 60 at beyond 20 WPI (Nu 95/4) and 28 WPI (Lisbon 60) would determine 
whether similar infection kinetics occurs as in the Portugal 99 infected ticks. 
Statistically, significantly lower titres were observed in the Nu 95/4 and Lisbon 60 fed 
ticks than in the Portugal 99 infected ticks. Possibly this may reflect an adaptation of 
the Portugal 99 isolate to replicate in O. erraticus ticks. The Lisbon 60 isolate was 
obtained soon after the introduction of ASF into Portugal from Africa in 1960. In 
Africa, virus infects O. moubata ticks and the virus is very well adapted to these hosts 
whereas O. erraticus are not present in areas of Africa where ASF occurs.
During the more than 30 years that ASF was present in Portugal possibly the virus 
may have altered to replicate more efficiently in O. erraticus ticks. The absence of 
Ornithodoros ticks in Sardinia means that virus isolates from Sardinia would not have 
been subject to selection pressure to replicate efficiently in ticks.
Previous studies have suggested that viral titres in total tick homogenates above 4 
logio T C ID 5 0  tick'' (Haresnape & Wilkinson, 1989; Boinas 1994) provide an 
indication that transmission of virus to pigs may occur. Obviously, dissemination of 
the virus to salivary glands should occur for efficient transmission so measuring the 
virus titre in total tick extracts only provides an indication that virus has replicated
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and been disseminated. Vims titres above this value were observed in tieks infeeted 
with Lis 60, Port 99 and Nu 95/4 isolates, suggesting that O. erraticus ticks may 
provide a reservoir for transmission of a range of different isolates. Threshold values 
for transmission of other arbovimses from their insect to vertebrate host have also 
been observed, for example Cullicoides variipennis midges which contained less than
3.0 logio TCIDso failed to transmit vims in their saliva whereas those midges which 
contained greater than 3.0 logio TCIDso of BTV per midge secreted vims into their 
saliva (Fu et al., 1999). The dose of BTV transmitted during biting by a single C. 
variipennis has been estimated to be between 0.32 and 7.79 TCIDso (Fu et al., 1999), 
and it would be interesting to titre tick salivary excretions as a comparison. Despite 
this relatively small amount of BTV vims, it has been reported that the bite of a single 
C. variipennis is sufficient to infeet a susceptible sheep (Foster et al., 1968) as has 
been reported with Ornithodoros tieks (Boinas, 1994, Plowright et al., 1970).
The persistence of ASF in Sardinia and the ability of Sardinian and other recent 
ASFV isolates in ticks poses a continuous threat to the European pig industry. 
Countries of Southern Europe, such as Spain and Portugal where habitat and 
husbandry conditions are similar to those found in Nuoro are at risk for the re­
establishment of endemic ASFV transmission cycles (Mannelli et al., 1998, 
Wilkinson, 1984) if strict disease security measures are not maintained to prevent the 
export of ASFV from Sardinia. However, in the absence of pigs, this danger is 
reduced in the long term. Further studies are required to establish safe quarantine 
periods for restocking after ASF outbreaks, although the results from this study 
indicate that period of less than 40 weeks are likely to present a significant risk of pigs 
becoming infeeted by bites from infeeted tieks.
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7.3 ASFV genes implicated in replication of virus in Ornithdoros ticks
7.3.1 CD2v increases viral replication within the tick by increasing viral uptake 
across the gut wall
In Chapter 4, ticks were experimentally infected and or inoculated with 2 independent 
HAD recombinant isolates Rec 34 or Rec 4, or the parental non-HAD NH/P68 isolate. 
Ticks membrane fed the Rec 34 or Rec 4 isolates had significantly higher mean titres 
than those ticks that were fed NH/P68, up to 49 WPI. The replication efficiency of 
the non-HAD isolate NH/P68 isolate was increased following inoculation into the 
tick, across the gut wall and directly into the haemocoel, whereas no significant 
difference in mean titres were observed between Rec 34 membrane fed and Rec 34 
inoculated ticks. These studies indicate that CD2v has a role in increasing viral 
replication within the tick by enhancing virus uptake across the tick gut wall. 
Furthermore, disrupting the interaction of CD2v with its ligand on the surface of red 
blood cells, by sonicating blood and removing membrane fragments by centrifiigation 
before the addition of the Rec 34 isolate and membrane feeding of ticks reduced 
infection rates and mean tick titres significantly compared to those from ticks fed the 
same isolate diluted in whole blood. This data indicates that it is the interaction of the 
CD2v protein with its ligand on the surface of the red blood cell that enhances viral 
uptake across the gut wall. This hypothesis is supported by observations by 
Kleiboeker et al. (1999) of ASFV virions attached to intact red blood cells in the 
phagolysosomes in the midgut epithelium. Furthermore, a significantly greater 
number of ASFV field isolates are HAD than non-HAD. Although non-HAD isolates 
have been isolated from ticks (Boinas et al., 2004), results from Chapter 4 and 
previous data (Boinas, 1994) have demonstrated the increased efficiency of HAD 
viruses in establishing persistent infections and replicating to high titres in ticks.
-168
If the presenee of a fiinetional CD2v gene does enhance replieation within the tiek, 
this would maintain a seleetion pressure for the presenee of the CD2v gene in isolates 
from field situations where the tiek vector plays an important role.
Interestingly, in a study by Kleiboeker et al., (1999) the tiek-competent South African 
isolate Pretoriuskop 96/4/1 (Pr4) was able to replicate equally efficiently in O. 
moubata ticks fed in the presenee or absence of red blood cells. It is possible that 
morphological differences between the gut walls of O. moubata and O. erraticus 
enabled the Pr4 isolate to cross the gut wall of O. moubata in the absence of red blood 
cells, or that an alternative mechanism for viral uptake occurred. To this end, it is 
unlikely that one gene alone is responsible for enhancing virus uptake and replication 
in the tiek.
One interesting theory is that other ASFV genes compensate for the role of CD2v 
either when this gene is deleted from the genome, or when red blood cells are absent. 
The MGFs 360 and 530 have been shown to affect virus replieation and generalisation 
of infection in O. moubata (Burrage et al., 2004). The deletion of 6 MGF 360 and 2 
MGF 530 genes from the Pr4 genome significantly reduced viral replication in ticks 
fed this isolate compared to the parental Pr4 isolate (Burrage et al., 2004). 
Significantly, non-HAD isolates that do not replicate to high titres in O. erraticus 
following membrane feeding NH/P68 (Chapter 6) and Our T88/2 (Boinas, 1994) both 
lack the MGF 360 and 530 genes, as well as functional CD2v proteins. An interesting 
study would be to restore the MGF 360 and 530 genes back into the NH/P68 and Our 
T88/2 isolates and feed these recombinants to O. erraticus tieks to determine whether 
the replieation efficiency of these isolates is increased.
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7.3.2 A238L
The ASFV genome also encodes proteins whieh may help the virus to evade host 
defences and avoid elimination. These include some proteins whieh would be 
expected to fonction in the tiek vector and whieh contain similarity to other insect 
virus encoded proteins. The A238L protein has sequence similarity between the 
ankyrin repeats in the centre of the protein to those in the inhibitor of kappa B (IkB )  
inhibitor of the host nuclear factor kappa B (N F kB )  transcription factor (Yanez et a l, 
1995). Expression of the A238L protein in mammalian cells has been shown to 
inhibit both activation of the NF-kB transcription factor and also activity of the host 
serine threonine phosphatise ealeineurin (also known as PP2B) (Powell et a l, 1996, 
Revilla et a l, 1998, Miskin et a l, 1998). A238L protein can therefore act as a potent 
immunomodulatory protein by inhibiting transcriptional activation of the many genes 
dependent on these pathways. Since both of these pathways are present in 
invertebrates possibly A238L may have a similar fonction in the tick vector. 
Ankyrin-repeat containing genes are also encoded by the Polydnaviruses Campletis 
sonorensis lehriovirus (Cslv) and Microplitis demolitor Bracovirus (MdBv) (Webb et 
a l, 2006). Two of the MdBv vankyrin proteins are functional IkB ’s that bind insect 
N F kB ’s and block inducible expression of N F k B  regulated immune genes 
(Thoetkiattikul et a l, 2005). Two of these genes, H4 and H5, reduced the expression 
of drosomyein and atttaein in Drosophila 82 cells, both of whieh are under the control 
of NFkB regulation through the Toll and Imd pathways. These results indicate that 
H4 and N5 fonction as IkB’s and suggest other IkB-like gene family members, such 
as A238L, could be involved in the suppression of the insect immune system 
(Thoetkiattikul et a l, 2005).
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7.3.3 Inhibitor of Apoptosis Proteins
Induction of apoptosis in host cells following virus infection provides a mechanism for 
limiting virus replication and many viruses encode proteins that block this process. Since 
the apoptotic pathway is well conserved in vertebrates and invertebrates, ASFV proteins 
which inhibit apoptosis in mammalian cells may have a similar function in the tick vector. 
Two ASFV genes have homology to genes involved in apoptosis regulation. The ORF 5- 
HL of the virulent Malawi isolate and the ORF A179L of Ba71 v have sequence similarity 
to the ce9/bcl-2 gene family. A179L contains two highly conserved domains BHl and 
BH2 characteristic of the anti-apoptotic members of the bcl-2 family (Revilla et al., 
1997). This similarity indicates a possible role for A179L as an inhibitor of apoptosis 
(lAP) during ASFV infection. A179L has been shown to suppress apoptosis in 
mammalian cells (Afonso et al., 1998, Revilla et al., 1997). Attempts to create A179L 
deletion mutants of ASFV have not been successful, indicating that A179L may be 
essential for ASFV replication (Afonso et al., 1996, Brun et al., 1998, Neilan et al., 1993, 
Revilla et al., 1997).
The ORFs A224L of Ba71v and 4CL of Malawi Lil 20/1 also have similarity to the 
lAP family. A224L encodes a 27Kd late structural protein whose function is 
unknown (Chacon et al., 1995) although it may modulate apoptosis in ASFV infection 
since A224L has been shown to control the amount and kinetics of formation of 
processed caspase-3 in ASFV-infected cells (Nogal et al., 2001). Since 4CL is non- 
essential for growth in macrophage cultures in vitro and for pig virulence (Neilan et 
al., 1997) it is possible this gene may have a role in the tick vector. At the amino 
terminus, A224L contains a structure resembling a zinc finger domain at the carboxy 
terminus and a single baculovirus internal repeat (BIR) motif, a common structural 
feature of all lAP family members (Crook et al., 1993). Following the deletion of the 
antiapoptotie p35 from the genome of the baculovirus Autographa californica
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nucleopolyhydrovirs (AcNPV), viral infectivity, replication and dissemination was 
reduced in Spodoptera frugiperda caterpillars (Clarke & Clem, 2003) indicating that 
the TAP family members have important roles in the modulation of apoptosis in the 
vector.
7.4 The vector midgut as a barrier to infection
The inoculation experiments performed in Chapter 4 confirm the importance of the 
vector midgut as a barrier to viral infection. The inoculation of a NH/P68 greatly 
increased the efficiency of this isolate to replicate within the tick. The replication 
efficiency of other viruses has also been increased when the gut wall is by-passed. 
For example, the leafhopper Circadulina mbila which was previously unable to 
transmit maize-streak virus became capable of transmission following incoualtion 
(Storey, 1933) and Aedes aegypti mosquitos were able to transmit eastern equine 
encephalomyelitis virus following the puncturing of the mesenteron after 
engorgement with a viraemic blood meal (Merrill & Tenbroeck, 1935). Several insect 
viruses encode genes that specifically enhance virus dissemination by targeting the 
midgut structure.
Transport processes in the midgut virus of Aedes aegypti are enhanced by Sindbis 
virus infection. Following ingestion of an infectious blood meal containing the 
Alphavirus Sindbis (MRE16 Malaysian strain), midgut transcription profiles from 
mosquitoes demonstrated 40-fold increases in transcript levels of synaptic vesicle 
protein-2 (SV2), potassium-dependent sodium/calcium exchanger (NCKX) and a 
homolog of Caenorhabditis elegans Unc-93, a putative component of a two-pore 
potassium channel at 4 DPI (Sanders et a l, 2005). It is speculated that these changes 
represent changes in the regulation of vesicle transport processes and exoytosis 
(Sanders et a l, 2005).
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The baculovirus encoded metalloprotease (enhancin) facilitates Nuclear Polyhedrosis 
Virus (NPV) infection of larvae by altering the permeability of the peritrophic matrix 
that lines the intestine of many invertebrates and the midgut of most insects (Peng et 
a l, 1999). Enhancin, isolated from Trichoplusia ni granulosis virus (TnGV) 
significantly enhanced viral replication in lepitopterous insects by targeting the 
peritrophic matrix which resulted in its degradation (Derksen & Granados, 1988, 
Gallo et a l, 1991, Lepore et a l, 1996, Wang et a l, 1994). Disruption of the 
peritrophic matrix results in its increased porosity, which in turn facilitates the 
infection of the underlying epithelial cells. This viral-encoded protein appears to play 
an important role in baculovirus pathogenesis (Peng et a l, 1999).
7.5 Dissemination of virus within infected O. erraticus
In Chapter 5, tick organs were dissected from ticks fed with Rec 34 to follow 
dissemination of virus. Virus was detected in the digestive tract in addition to the 
haemocoel, the salivary glands and a pool of organs from 8 WPI providing strong 
evidence that virus had disseminated from the gut. The recovery of virus from the 
haemocoel suggests that once virus had crossed the gut wall, it had disseminated to 
other organs via the haemolymph. An interesting comparison would be to compare 
the dissemination of virus between Rec 34 and NH/P68 infected ticks. From results 
observed in Chapter 4, the non-HAD isolate NH/P68 replicates less efficiently than 
the HAD isolate Rec 34. It is hypothesised that the midgut poses a barrier to non- 
HAD isolates, and it would be interesting to see whether the distribution of virus is 
affected by this barrier. Furthermore, a greater variety of time points could be tested 
prior to 8 WPI to determine more precisely the times at which the different ASFV 
isolate disseminate to specific tissues.
-173-
In O. moubata ticks, ASFV virions were detected in the hemocytes and connective 
tissues by electron microscopy between 15 and 21 days post ingestion (Greig, 1972, 
Kleiboeker et al., 1998a, Rennie et al., 2000) and whilst virus was detectable in the 
salivary glands and reproductive tissues from 14 DPI (Rennie et al., 2000) and 21 dpi 
(Kleiboeker et al., 1998a) up to 6 WPI (Greig, 1972). In other arbovirus infections, 
once virus escapes from the gut into the haemocoel, dissemination to other tissues 
appears to be a rapid process (Fu et al., 1999). BTV has been detected in fat body 
cells at 48 HPI, in the ganglia at 3 DPI and in the salivary glands at 5 DPI after 
ingestion of an infective blood meal by imunnohistochemistry. Culex pipens 
mosquitoes were found to have disseminated infections as early as 12 hours following 
an infectious blood meal containing Rift Valley Fever virus (Faran et al., 1988).
Quantitative PCR could also be used to confirm the relative levels of ASFV genome 
transcripts in each organ, and allow direct comparisons between the levels of 
replication within the different tissues, and also between ticks fed different ASFV 
isolates to be drawn. The relative proportions of B602L sub-populations could also 
be determined by this method.
Further experimentation was also attempted to culture tissues from experimentally- 
infected ticks in order to track virus dissemination and localisation by confocal 
microscopy. However, due to time limitations and variability in the efficiency of tick 
tissues to adhere to cover-slips, this experimentation was not successful.
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7.6 A procedure to genotype ASFV isolates based upon variability in size of the 
genome
In Chapter 6, a procedure was developed to genotype ASFV isolates based upon the 
size of variable regions of the genome as amplified by PGR. The accuracy of 
estimation from agarose gels of PGR product size was confirmed by fragment analysis 
using a capillary sequencer. This approach was found to differentiate between 
isolates that had previously grouped together based upon sequence analysis of a 
conserved region of the genome, the major virus capsid protein p72 (Bastos et a l, 
2003, Lubisi et a l, 2005).
The genotyping of many viruses, including ASFV, has previously been performed by 
RFLP analysis (Boinas, 1994, Boinas et a l, 2004, Dixon, 1988, Loparev et a l, 2000a, 
Marshall et al, 1999, Wesley & Tuthill, 1984, Yukimasa et a l, 2001). However, this 
method is both time-consuming and expensive. Due to advances in technology, a 
PGR and sequenced based approach is becoming more popular (see Chapter 6) 
(Bastos et al, 2003, Kitamura et a l, 2006, Lubisi et a l, 2005, Marsh et a l, 2002). 
Specialised technology including fragment analysis (Chapter 6), PGR-based light- 
cycler assays (Espy et a l, 2002), single step fluorescent resonance energy transfer 
genotyping and the use of oligo microarrays all provide information that enable the 
genotyping of viruses (Espy et a l, 2002, Loparev et a l, 2000b, Song et a l, 2006), 
although the availability and expense of purchasing such equipment limits the extent 
to which these methods can be used.
Genotyping by the amplification by PGR of variable regions of the genome provides a 
quick and inexpensive way to distinguish between isolates. ASFV genomes can vary 
by as much as 20 kbp between isolates (Blasco et a l, 1989a, Blasco et a l, 1989b,
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Boinas et al., 2004, Dixon, 1988, Vinuela, 1985, Wesley & Tuthill, 1984) and this 
variation is mostly due to variable numbers of copies of the MGFs located at the 
genome termini. The arrangement of the MGFs along the DNA virus molecule, as 
well as the degree of relatedness between different genes, indicates the generation of 
MGFs from ancestral genes has involved gene duplications and genetic divergence of 
duplicated genes (de la Vega et al., 1990, Gonzalez et al., 1990).
A similar arrangement of constant and variable regions has been described for the 
Poxvirus DNA (Esposito & Knight, 1985, Esposito et al., 1985, Mackett & Archard, 
1979, Muller et al., 1978) in which length changes in the terminal regions are due to 
changes in the tandemly repeated sequences within the inverted terminal repetitions 
(Baroudy & Moss, 1982), deletion and transposition of unique sequences adjacent to 
the terminal inverted repetitions (Archard et al., 1984, Esposito et al., 1981, Moyer et 
al., 1980, Pickup et al., 1984), or spontaneous deletions at the left end of the genome 
(Kotwal & Moss, 1988, Paez & Esteban, 1985, Panicali et al., 1981). The occurrence 
of internal redundancies within the Poxviral and ASFV genomes suggests that varying 
length repeats evolved from a simpler sequence by unequal crossovers (Blasco et al., 
1989b, Smith, 1976). Misalignment is likely to occur more frequently in areas of the 
genome where tandem clusters of identical or nearly identical sequences occur. By a 
series of unequal recombination events, the clusters of tandem repeats will undergo 
continual expansion and contraction.
Repetitive regions are also found in other large DNA viruses including repeat regions 
of between 1 and 3 kbp in Iridoviruses (Schnitzler et al., 1987a, Schnitzler et al., 
1987b) in Ascovirus genomes (Bigot et al., 1997, Federici et al., 1990) and in the 
DNA termini of Chloroviruses (Family: Phycodnaviridae) (Strasser et al., 1991, 
Yamada & Higashiyama, 1993).
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A number of reports state that the rate of evolution in RNA viruses is much greater 
than that in most DNA viruses (Holland et al., 1982). RNA viruses greatly outnumber 
DNA viruses in eukaryotic hosts, whilst most plant, animal and human disease agents 
have viral genomes (Holland et al., 1982). The variability of RNA viruses most likely 
arises as a consequence of the lack of exonuclease proof-reading activity of the virus- 
endoded RNA polymerases (Steinhauer et al, 1992) with, in some cases, the added 
contribution of recombination (Froissart et a l, 2005, Lai, 1992a, Lai, 1992b, 
Olsthoom et a l, 2002). Despite the increased likelihood of evolution in the RNA 
viruses, the vast majority of mutations are deleterious, hence hindering adaptation, as 
shown by recent theoretical developments (Johnson & Barton, 2002, Orr, 2000).
In Chapter 6, the sequence analysis of the most variable region tested, B602L, 
differentiated between a number of isolates that tandem repeat PGR fragment size, 
and partial p72 sequencing were unable to. However the amino acid sequence of this 
gene alone did not provide sufficient information to genotype isolates to the extent of 
tandem repeat size analysis. Analysis of a single variable DNA sequence has also 
been used to genotype Varicella-zoster virus, the etiological agent of Chicken pox 
(Loparev et a l, 2004). Isolates were grouped into 3 geographical groups based upon 
the variable sequence within the ORF 22. Similarly, the number of triplet repeats in 
the linker domain of the yi 34.5 protein of Herpes Simplex virus Type 1 varies from 
strain to strain (Bower et a l, 1999, Chou & Roizman, 1990) and has been shown to 
affect the localisation of this protein (Jing & He, 2005).
7.7 Conclusions
Recent and older field isolates of ASFV have been shown to persist and replicate in 
O. erraticus ticks up to 61 WPI. The ability of these isolates has implications in
-177-
regions where O. erraticus ticks are known to inhabit, and also in countries where 
ASF continues to be endemic since these isolates have retained their ability to 
replicate in ticks. Together this data suggests that O. erraticus continue to pose a 
threat as a reservoir of virus.
Following experimental infection of ticks with HAD and non-HAD isolates, the CD2v 
protein has been shown to enhance viral replication in O. erraticus. Inoculation of the 
non-HAD isolate NH/P68 across the gut wall significantly increases the replication 
efficiency of this isolate, indicating CD2v has a role in virus uptake across this 
structure. The interaction of CD2v with its ligand on the surface of red blood cells is 
suggested to enhance viral transport from the lumen of the gut into the cells of the 
midgut epithelium since disruption of this interaction significantly decreased the 
infection rates and replication efficiency of HAD virus.
Following ingestion of an infectious blood meal, virus was detected in the digestive 
tract and haemocoel of the tick. It is suggested that once the virus has replicated 
within the midgut epithelium, passed through the basement lamina into the 
haemocoel, it disseminates via the haemolymph to the salivary glands and remaining 
organs where virus was also detected. Further evidence for replication of virus in 
these tissues is gained from the detection of different sized sub-populations of B602L 
PCR products amplified from these tick tissues.
A procedure for the genotyping of isolates was developed based upon variable regions 
of the ASFV genome. Four genome regions were amplified by PCR, and based upon 
the size of these regions, isolates which had previously been grouped together based 
upon a conserved gene sequence were distinguishable into sub-groups. Further
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sequence analysis of the tandem repeat tetramers within one of these regions, the 
B602L ORF, distinguished some isolates that grouped together based upon tandem 
repeat fragment sizes.
The identification of CD2v’s involvement in virus uptake across the tick gut wall is 
the first example of an ASFV-encoded protein with a direct role in infection of 
Ornithodoros erraticus and implicates this gene as a target for deletion from the viral 
genome in the generation of an attenuated virus vaccine. To create an effective 
attenuated virus vaccine, fiirther research is required to identify other ASFV genes 
which are involved in replication and persistence of virus within the tick. 
Furthermore, the infection of ticks with a range of ASFV isolates gives a clearer 
understanding of the kinetics of infection. Together, these studies have highlighted 
the importance of Ornithodoros ticks as a reservoir of disease.
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List of Abbreviations
AA(s) Amino acid(s)
AcNPV Autographa californica nucleopolyhydrovirus
AMP(s) Anti-microbial peptide(s)
ANOVA Analysis of variance
ASF African swine fever
ASFV African swine fever virus
BIR Baculovirus internal repeat
bp(s) base pair(s)
BTV Bluetongue virus
CISA Centro de Investigacion en Sanidad Animal
CO2 Carbon dioxide
Cslv Campletis sonorensis Ichriovirus
CVR Central variable region
dH20 Deionised water
DNA Deoxyribonucleic acid
DNase Deoxyribonuclease
dNTP(s) Deoxyribonucleotide(s)
DPI Days post infection
dsDNA Double-stranded deoxyribonucleic acid
DT Digestive tract
EDTA Ethylenediaminetetra -  acetic acid
ELISA Enzyme-linked immunosorbent assay
EM Electron Microscopy
ECS Foetal Calf Serum
fmol Femtomole
H Haemocoel
HAD Haemadsorbing
HAD50 Haemadsorbing dose to fifty percent
HPI Hours post infection
lAH Institute for Animal Health
lAH-P Institute for Animal Health, Pirbright
lAP Inhibitor of apoptosis
ID50 Infectious dose to fifty percent
IF Immunofluorescence
IkB Inhibitor of kappa B
Il-IR Interleukin-1 receptor
Imd Immune deficiency
IN Inoculated
kbp(s) Kilobase pair(s)
kDa Kilodaltons
L Litre
LNIV Laboratorio Nacional de Investigacao Veterinaria
M Molar
MdBv Microplitis demolitor Bracovirus
MF Membrane fed
MGF(s) Multi-gene family
mg(s) Milligram(s)
ml(s) Millilitre(s)
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mM Millimolar
mm(s) Millimetre(s)
N5 Nymphal stage 5
NCKX Potassium-dependent sodium/calcium exchanger
NFkB Nuclear factor kappa B
ng(s) Nanogram(s)
No. Number
Non-HAD Non-haemadsorbing
nm(s) Nanometre(s)
NPV Nucleopolyhydrovirus
0. erraticus Ornithodoros erraticus
0. moubata Ornithodoros moubata
OD260 Optical density at 260 nanometres
OD280 Optical density at 280 nanometres
ORF(s) Open reading frame(s)
P Pool of organs
PAM Porcine alveolar macrophages
PBM Porcine bone marrow
PBS Phosphate buffered saline
PC Personal communication
PCR Polymerase Chain Reaction
PrP(s) Pattern recognition proteins(s)
Rec Recombinant
Rel Reticuloendotheliosis
RNA Ribonucleic Acid
RNase Ribonuclease
RNAi Interfering RNA
rpm Revolutions per minute
RFLP Restriction fragment length polymorphism
RT -  PCR Reverse Transcription polymerase chain reaction
SDS Sodium dodecyl sulphate
SEM Standard error of the mean
SG Salivary glands
SON Sonicated
SV2 Synaptic vesicle protein-2
TAE Tris-acetate EDTA
TAM Tick a-2-macroglobulin
TCID50 Tissue culture infecting dose to fifty percent
Temed N,N,N’ ,N ’ - tetramethylethylenediamine
TLR Toll-like receptor
TNF Tumour necrosis factor
TNF-a Tumour necrosis factor alpha
TnGV Trichoplusia ni granulosis virus
Tris Tris (hydroxymethyl) -  methylamine
UV Ultra violet
V Volts
VLA Veterinaries Laboratories Agency
WPI Weeks post ingestion
v/v Volume per unit volume
w/v Weight per unit volume
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pg Microgram
pi Microlitre
pm Micrometre
% Percentage
+ ve Positive
-  ve Negative
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Appendix II 
1.0 Portugal 99
1.1 Titres recovered from ticks fed Portugal 99 high titre and to low titre fed 
ticks
Mean Mean 95% Confidence Inte:
Difference q P Difference From To
PL4 vs PH4 0.6489 2.607 P>0.05 0.6489 -0.5238 1.822
PL6 vs PH6 0.4583 1.776 P>0.05 0.4583 -0.7571 1.674
PLIO vs PHIO 0.4364 1.927 P>0.05 0.4364 -0.6303 1.503
PL20 vs PH20 -0.1028 0.3221 P>0.05 -0.1028 -1.606 1.400
PL41 vs PH41 -0.3125 0.7444 P>0.05 -0.3125 -2.290 1.665
If the value of q is greater than 4.711 then the P value is less
than 0.05.
ANOVA table
Source of 
variation
Treatments (between columns) 
Residuals (within columns)
Degrees of Sum of Mean
freedom squares square
10 36.055 3.605
74 41.731 0.5639
Total 84
F = 6.393 = (MStreatment/MSresidual)
77.786
1.2 Titres recovered from Portugal 99 infected ticks fed the lower titre of virus at 
each time point
Comparison Difference q P value
PL4 vs PL 6 -0.1190 0.4595 ns P>0.05
PL4 vs PLIO -0.01299 0.05224 ns P>0.05
PL4 vs PL20 -0.007937 0.03063 ns P>0.05
PL4 vs PL41 2.089 5.068 * * P<0.01
PL6 vs PLIO 0.1061 0.4590 ns P>0.05
PL6 vs PL20 0.1111 0.4584 ns P>0.05
PL6 vs PL41 2.208 5.494 * * P<0.01
PLlO vs PL20 0.005051 0.02185 ns P>0.05
PLIO vs PL41 2 .102 5.319 * * P<0.01
PL20 vs PL41 2.097 5.218 * * P<0.01
If the value of q is greater than 4.083 then the P value is less 
than 0.05.
Mean 95% Confidence Interval
Difference Difference From To
PL4 - PL6 -0.1190 -1.177 0.9389
PL4 - PLIO -0.01299 -1.028 1.002
PL4 - PL20 -0.007937 -1.066 1.050
PL4 - PL41 2.089 0.4061 3.772
PL6 - PLIO 0.1061 -0.8375 1.050
PL 6 - PL20 0.1111 -0.8785 1.101
PL6 - PL41 2.208 0.5672 3.849
PLIO - PL20 0.005051 -0.9385 0.9486
PLIO - PL41 2.102 0.4885 3.716
PL20 - PL41 2.097 0.4561 3.738
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ANOVA t a b l e
Source of 
variation
Degrees of Sum of Mean
freedom squares square
Treatments (between columns) 
Residuals (within columns)
4
33
Total 37
F = 4,085 = (MStreatment/MSresidual)
8.640 
17.447
26.087
2.160
0.5287
1.3 Titres recovered from Portugal 99 infected ticks fed the higher titre of virus 
at each time point
Comparison Difference q P value
PL4 vs PL 6 -0.3096 1.266 ns P>0.05
PL4 vs PLIO -0.2255 1. 012 ns P>0.05
PL4 vs PL20 -0.7596 2.441 ns P>0.05
PL4 vs PL41 1.128 4.612 * P<0.05
PL4 vs PH61 1.232 3.535 ns P>0.05
PL6 vs PLIO 0.08409 0.3325 ns P>0.05
PL 6 vs PL20 -0.4500 1.350 ns P>0.05
PL6 vs PL41 1.437 5.283 * * P<0.01
PL 6 vs PH61 1.542 4.185 ns P>0.05
PLIO vs PL20 -0.5341 1.681 ns P>0.05
PLIO vs PL41 1.353 5.352 * * P<0.01
PLIO vs PH61 1.458 4.112 ns P>0.05
PL20 vs PL41 1.888 5.664 * * P<0.01
PL20 vs PH61 1.992 4.792 * P<0.05
PL41 vs PH61 0.1042 0.2827 ns P>0.05
If the value of q is greater than 4.229 then the P value is less 
than 0.05.
Difference
Mean 95% Confidence Interval 
Difference From To
PL4 _ PL6 -0.3096 -1.344 0.7244
PL4 - PLIO -0.2255 -1.168 0.7172
PL4 - PL20 -0.7596 -2.075 0.5561
PL4 - PL41 1.128 0.09384 2.162
PL4 - PH61 1.232 -0.2419 2.706
PL6 - PLIO 0.08409 -0.9852 1.153
PL6 - PL20 -0.4500 -1.859 0.9592
PL 6 - PL41 1.437 0.2869 2.588
PL6 - PH61 1.542 -0.01623 3 .100
PLIO - PL20 -0.5341 -1.878 0.8095
PLIO - PL41 1.353 0.2842 2.423
PLIO - PH61 1.458 -0.04126 2.956
PL20 - PL41 1.888 0.4783 3.297
PL20 - PH61 1.992 0.2341 3.749
PL41 - PH61 0.1042 -1.454 1.662
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Source of Degrees of Sum of Mean
variation freedom squares square
Treatments (between columns) 5 17.891 3.578
Residuals (within columns) 41 24.284 0.5923
Total 46 42.175
F = 6.041 = (MStreatment/MSresidual)
2.0 Lisbon 60
2.1 Lisbon 60 20 WPI to 28 WPI
General Linear Model, Titre versus No. weeks
Factor Type Levels Values
No. Weeks fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests
Source DF Seq SS Adj SS Adj MS F P
No. Weeks 1 1.8503 1.8503 1.8503 7.99 0.026
Error 7 1.6219 1.6219 0.2317
Total 8 3.4722
S = 0.481349 R-Sq = 53.29% R-Sq(adj) = 46.62%
2.2 Lisbon 60 Developmental stage 
General Linear Model, Titre versus sex of tick
Factor Type Levels Values
Sex of Tick fixed 2 2,3
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Sex of Tick 1 0.7937 0.7937 0.7937 2.07 0.193
Error 7 2.6786 2.6786 0.3827
Total 8 3.4722
S = 0.618590 R-Sq = 22.86% R-Sq(adj) = 11.84%
3.0 Nu 95/4
3.1 Titres recovered from ticks fed virus at the higher titre compared to 
titres recovered from ticks fed the lower titre 
General Linear Model, Titre versus feeding titre. No. weeks. Sex of Tick
Factor Type Levels Values
Sex of Tick fixed 2 1, 2
No. Weeks fixed 2 1, 2
Feeding Titre fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests
Source DF Seq SS Adj SS Adj MS F P
Sex of Tick 1 1.2019 0.7259 0.7259 5.50 0.044
No. Weeks 1 0.0000 0.3733 0.3733 2.83 0.127
Feeding Titre 1 3.0613 3.0613 3.0613 23.18 0.001
Error 9 1.1887 1.1887 0.1321
Total 12 5.4519
S = 0.363419 R-;Sq = 78.:20% R-Sq(adj) = 70.93%
3.2 Titres recovered from ticks kept individually compared to ticks kept 
in groups
General Linear Model, Titre versus Sex of Tick, Kept Individually
Factor Type Levels Values
Sex of Tick fixed 3 1, 2, 3
Kept Individually or Kept in Gr fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests
Source DF Seq SS Adj SS Adj MS F P
Sex of Tick 2 2.2646 2.5827 1.2914 6.08 0.010
Kept Individually 1 0.37 64 0.37 64 0.37 64 1.77 0.2 01
Error 17 3.6090 3.6090 0.2123
Total 20 6.2500
S = 0.460751 R-Sq = 42.26% R-Sq(adj) = 32.07%
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4.0 Comparison of titres recovered from ticks fed different isolates at 20 WPI
4.1 Nu 95/4 to Lisbon 60 
General Linear Model, Titre versus Feeding Isolate
Factor Type Levels Values
Feeding Isolate fixed 2 4, 5
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Feeding Isolate 1 0.0562 0.0562 0.0562 0.21 0.658
Error 8 2.1250 2.1250 0.2656
Total 9 2.1813
S = 0.515388 R-Sq = 2.58% R-Sq(adj) = 0.00%
4.2 Portugal 99 to Nu 95/4 
General Linear Model, Titre versus Feeding Isolate
Factor Type Levels Values
Feeding Isolate fixed 2 5, 6
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Feeding Isolate 1 2.8125 2.8125 2.8125 15.91 0.005
Error 7 1.2375 1.2375 0.1768
Total 8 4.0500
S = 0.420459 R-Sq = 69.44% R-Sq(adj) = 65.08%
4.3 Portugal 99 to Lisbon 60 
General Linear Model, Titre versus Feeding Isolate
Factor Type Levels Values
Feeding Isolate fixed 2 4, 6
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Feeding Isolate 1 2.1125 2.1125 2.1125 11.71 0.011
Error 7 1.2625 1.2625 0.1804
Total 8 3.3750
S = 0.424685 R-Sq = 62.59% R-Sq(adj) = 57.25%
5.0 NH/P68 
General Linear Model: Titre versus Sex of Tick, No. Weeks, Feeding Titre
Factor Type Levels Values
Sex of Tick fixed 3 1, 2, 3
No. Weeks fixed 8 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8
Feeding Titre fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests
Source DF Seq SS Adj SS Adj MS F P
Sex of Tick 2 3.9134 1.9053 0.9527 2.41 0.096
No. Weeks 7 14.2957 14.5016 2.0717 5.24 0.450
Feeding Titre 1 0.3462 0.3462 0.3462 0.88 0.352
Error 87 34.3765 34.3765 0.3951
Total 97 52 .9318
S = 0.628596 R-Sq = 35.06% R-Sq(adj) = 27.59%
6.0 Recombinant 34
6.1 General Linear Model: Titre versus Sex of Tick, No. Weeks, Feeding Titre
Factor Type Levels Values
Sex of Tick fixed 3 1, 2, 3
No. Weeks fixed 8 1, 2, 3, 4, 5, 6, 7, 8
Feeding Titre fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests
Source DF Seq SS Adj SS Adj MS F P
Sex of Tick 2 0.0925 0.8279 0.4140 0.45 0.637
No. Weeks 7 48.0146 37.9102 5.4157 5.92 0.000
Feeding Titre 1 14.2392 14.2392 14.2392 15.56 0.000
Error 150 137.2747 137.2747 0.9152
Total 160 199.6211
S = 0.956643 R-Sq = 31.23% R-Sq(adj) = 26.65%
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6.2 General Linear Model: Titre versus Feeding Titre at each time post infection 
40 WPI
Factor Type Levels Values
Feeding Titre fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Feeding Titre 1 0.0750 0.0750 0.0750 0.36 0.591
Error 3 0.6250 0.6250 0.2083
Total 4 0.7000
S = 0.456435 R-Sq = 10.71% R-Sq(adj) = 0.00%
28 WPI
Factor Type Levels Values
Feeding Titre fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests
Source
Feeding Titre
Error
Total
S = 0.789085
DF
1
21
22
Seq SS 
3 . 2 9 3 8
13.0758
16.3696
Adj SS 
3 . 2 9 3 8
13.0758
Adj MS 
3 . 2 9 3 8
0.6227
F
5.29
R-Sq = 20.12% R-Sq(adj) = 16.32%
P
0.032
23 WPI
Factor Type Levels Values
Feeding Titre fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests
Source
Feeding Titre
Error
Total
S = 0.689582
DF
1
11
12
Seq SS 
3.0925 
5.2308 
8.3233
Adj SS 
3.0925 
5.2308
Adj MS 
3.0925 
0.4755
F
6.50
P
0.027
R-Sq = 37.16% R-Sq(adj) = 31.44%
15 WPI
Factor Type Levels Values
Feeding Titre fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests
Source
Feeding Titre
Error
Total
S = 1.16488
DF
1
19
20
Seq SS 
1.456 
2 5 . 7 8 2  
2 7 . 2 3 8
Adj SS 
1.456 
25.782
Adj MS 
1.456 
1.357
F
07
R-Sq = 5.35% R-Sq(adj) = 0.36%
P
0.313
13 WPI
Factor Type Levels Values
Feeding Titre fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Feeding Titre 1 0.094 0.094 0.094 0.07 0.799
Error 23 32.774 32.774 1.425
Total 24 32.868
S = 1.19371 R-Sq = 0.29% R-Sq(adj) = 0.00%
8 WPI
Factor Type Levels Values
Feeding Titre fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests
Source
Feeding Titre
Error
Total
S = 0.602202
DF Seq SS Adj SS Adj MS
1 0.0218 0.0218 0.0218
25 9.0662 9 . 0 6 6 2  0.3626
26 9.0880
R-Sq = 0.24% R-Sq(adj) =
F
0.06
0.00%
P
0.808
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2 WPI
Factor Type Levels Values
Feeding Titre fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Feeding Titre 1 43.556 43.556 43.556 114.74 0.000
Error 38 14.425 14.425 0.380
Total 39 57.981
S = 0.616129 R-Sq = 75.12% R-Sq(adj) = 74.47%
7.0 Comparison of viral titres recovered from ticks fed different isolates
7.1 Recombinant 34 fed ticks compared to Recombinant 4 fed ticks 
General Linear Model: Titre versus Sex of Tick, No. Weeks, Feeding Isolate
Factor Type Levels Values
Sex of Tick fixed 3 1, 2, 3
No. Weeks fixed 7 1, 2, 3, 4, 5, 6, 7
Feeding Isolate fixed 2 1, 3
Analysis of Variance for Titre, using Adjusted SS for Tests
Source DF Seq SS Adj SS Adj MS F P
Sex of Tick 2 8.419 3.633 1.816 1. 59 0.208
No. Weeks 6 28.516 29.096 4.849 4.25 0.001
Feeding Isolate 1 3.211 3.211 3 .211 2.81 0.096
Error 126 143.864 143.864 1.142
Total 135 184.010
S = 1.06854 R-■Sq = 21.82% R-Sq(adj) = 16.23
7.2 Recombinant 4 fed ticks compared to NH/P68 fed ticks at each time point 
General Linear Model: Titre versus Feeding Isolate 
2 WPI
Factor Type Levels Values
Feeding Isolate fixed 2 2, 3
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Feeding Isolate 1 5 . 9 1 1 6 5.9116 5.9116 29.32 0.000
Error 25 5.0410 5.0410 0.2016
Total 26 10.9526
S = 0.449045 R-Sq = 53.97% R-Sq(adj) = 52.13%
8 WPI
Factor Type Levels Values
Feeding Isolate fixed 2 2, 3
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Feeding Isolate 1 10.053 10.053 10.053 4 9 . 8 7 0.000
Error 21 4.233 4.233 0.202
Total 22 14.286
S = 0.448963 R-Sq = 70.37% R-Sq(adj) = 68.96%
13 WPI
Factor Type Levels Values
Feeding Isolate fixed 2 2, 3
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Feeding Isolate 1 8.3995 8.3995 8.3995 106.09 0.000
Error 9 0.7126 0.7126 0.0792
Total 10 9.1121
S = 0.281376 R-Sq = 92.18% R-Sq(adj) = 91.31%
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15 WPI
Factor Type Levels Values
Feeding Isolate fixed 2 2, 3
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Feeding Isolate 1 61.278 61.278 61.278 236.09 0.000
Error 21 5.451 5.451 0.260
Total 22 66.72 8
S = 0.509459 R-Sq = 91.83% R-Sq(adj) = 91.44%
23 WPI
Factor Type Levels Values
Feeding Isolate fixed 2 2, 3
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Feeding Isolate 1 0.2244 0.2244 0.2244 0.37 0.564
Error 6 3.6089 3.6089 0.6015
Total 7 3.8333
S = 0.775554 R-Sq = 5.86% R-Sq(adj) = 0.00%
28 WPI
Factor Type Levels Values
Feeding Isolate fixed 2 2, 3
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Feeding Isolate 1 5.4273 5.4273 5.4273 14.17 0.002
Error 13 4.9788 4.9788 0.3830
Total 14 10.4061
S = 0.618860 R-Sq = 52.15% R-Sq(adj) = 48.47%
40 WPI
Factor Type Levels Values
Feeding Isolate fixed 2 2, 3
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Feeding Isolate 1 0.7124 0.7124 0.7124 5.34 0.069
Error 5 0.6667 0.5667 0.1333
Total 6 1.3791
S = 0.365153 R-Sq = 51.66% R-Sq(adj) = 41.99%
7.3 Recombinant 34 fed ticks compared to NH/P68 fed ticks at each time point 
General Linear Model, Titre versus Feeding Isolate
2WPI
Factor Type Levels Values
Feeding Isolate fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Feeding Isolate 1 43.434 43.434 43.434 92.91 0.000
Error 30 14.025 14.025 0.468
Total 31 57.459
S = 0.683743 R-Sq = 75.59% R-Sq(adj) = 74.78%
8WP1
Factor Type Levels Values
Feeding Isolate fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Feeding Isolate 1 7.1095 7.1095 7.1095 27.23 0.000
Error 20 5.2216 5.2216 0.2611
Total 21 12.3310
S = 0.510958 R-Sq = 57.66% R-Sq(adj) = 55.54%
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13 WPI
Factor Type Levels Values
Feeding Isolate fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Feeding Isolate 1 10.496 10.496 10.496 6.61 0.018
Error 20 31.760 31.760 1.588
Total 21 42.257
S = 1.26016 R-Sq = 24.84% R-Sq(adj) = 21.08%
15 WPI
Factor Type Levels Values
Feeding Isolate fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Feeding Isolate 1 28.759 28.759 28.759 24.26 0.000
Error 16 18.967 18.967 1.185
Total 17 47.72 6
S = 1.08878 R-Sq = 60.26% R-Sq(adj) = 57.77%
23 WPI
Factor Type Levels Values
Feeding Isolate fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Feeding Isolate 1 4.8573 4.8573 4.8573 8.90 0.011
Error 13 7.0947 7.0947 0.5457
Total 14 11.9520
S = 0.738744 R-Sq = 40.64% R-Sq(adj) = 36.07%
28 WPI
Factor Type Levels Values
Feeding Isolate fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Feeding Isolate 1 27.434 27.434 27.434 38.99 0.000
Error 20 14.071 14.071 0.704
Total 21 41.504
S = 0.838764 R-Sq = 66.10% R-Sq(adj) = 64.40%
40 WPI
Factor Type Levels Values
Feeding Isolate fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Feeding Isolate 1 1.4056 1.4056 1.4056 8.43 0.023
Error 7 1.1667 1.1667 0.1667
Total 8 2.5723
S = 0.408251 R-Sq = 54.64% R-Sq(adj) = 48.16%
8.0 Comparison of titres recovered from Recombinant 4 between each time point 
General Linear Model: Titre versus No. Weeks
2 to 8 WPI
Factor Type Levels Values
No. Weeks fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests
Source DF Seq SS Adj SS Adj MS F P
No. Weeks 1 1.3731 1.3731 1.3731 12.58 0.002
Error 24 2 . 6 1 9 7 2 . 6 1 9 7 0.1092
Total 25 3 . 9 9 2 8
S = 0.330385 R-Sq = 34.39% R-Sq(adj) = 31.66%
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8 to 13 WPI
Factor Type Levels Values
No. Weeks fixed 2 2,3
Analysis of Variance for Titre, using Adjusted SS for Tests
Source DF Seq SS Adj SS Adj MS F P
No. Weeks 1 4.6300 4.6300 4.6300 47.16 0.000
Error 12 1.1780 1.1780 0 . 0 9 8 2
Total 13 5.8080
S = 0.313320 R-Sq = 79.72% R-Sq(adj) = 78.03%
13 to 15 WPI
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
No. Weeks 1 0.00000 0.00000 0.00000 0.00 1.000
Error 16 1.50000 1.50000 0.09375
Total 17 1.50000
S = 0.306186 R-Sq = 0.00% R-Sq(adj) = 0.00%
15 to 23 WPI
Factor Type Levels Values
No. Weeks fixed 2 4, 5
Analysis of Variance for Titre, using Adjusted SS for Tests
Source DF Seq SS Adj SS Adj MS F P
No. Weeks 1 3 . 7 0 6 1 3.7061 3.7061 22.24 0.000
Error 17 2 . 8 3 3 3 2 . 8 3 3 3 0 . 1 6 6 7
Total 18 6.5395
S = 0.408248 R-Sq = 56.67% R-Sq(adj) = 54.12%
23 to 28 WPI
Factor Type Levels Values
No. Weeks fixed 2 5, 6
Analysis of Variance for Titre, using Adjusted SS for Tests
Source 
No. Weeks 
Error 
Total
S = 0.591608
DF
1
7
Seq SS 
0 . 0 2 2 2  
2 .4500 
2 . 4 7 2 2
R-Sq = 0.90%
Adj SS 
0 . 0 2 2 2  
2 .4500
Adj MS 
0 . 0 2 2 2  
0 . 3 5 0 0
F
0.06
P
0 . 8 0 8
R-Sq(adj) = 0.00%
28 to 40 WPI
Factor Type Levels Values
No. Weeks fixed 2 6, 7
Analysis of Variance for Titre, using Adjusted SS for Tests
Source 
No. Weeks 
Error 
Total 
S = 0.487340
DF Seq SS Adj SS 
1 5.8521 5.8521
4 0.9500 0.9500
5 6.8021 
R-Sq = 86.03%
Adj MS 
5.8521 
0.2375
F
2 4 . 6 4
P
0.008
R-Sq(adj) = 82.54%
9.0 Titres recovered from Recombinant 34 inoculated ticks compared to NH/P68 
fed ticks
General Linear Model: Titre versus Sex of Tick, No. Weeks, Feeding Isolate
Type Levels Values
3 1, 2, 3
4 1, 2, 3, 4 
2
Factor 
Sex of Tick 
No. Weeks 
Feeding Isolate
fixed
fixed
fixed 1 , 2
Analysis of Variance for Titre , using Adjusted SS for Tests
Source DF Seq SS Adj SS Adj MS F P
Sex of Tick 2 0.4563 0.1171 0 . 0 5 8 6 0.15 0 . 8 6 2
No. Weeks 3 1 . 6 2 0 6 1.9005 0.6335 1.62 0 . 2 0 1
Feeding Isolate 1 1.3843 1.3843 1.3843 3 . 5 3 0.067
Error 41 16.0804 16.0804 0 . 3 9 2 2
Total 47 19.5417
S = 0.626263 R--Sq := 17.71% R-Sq(adj) = 5.67%
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10.0 Titres recovered from NH/P68 inoculated ticks compared to NH/P68 
membrane fed ticks at each time point
General Linear Model: Titre versus Sex of Tick, No. Weeks, Feeding Isolate 
2 WPI
Factor Type Levels Values
Membrane Fed fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Membrane Fed 1 57.778 57.778 57.778 103.75 0.000
Error 16 8.910 8.910 0.557
Total 17 66.688
S = 0.746249 R-Sq = 86.64% R-Sq(adj) = 85.80%
8 WPI
Factor Type Levels Values
Membrane Fed fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Membrane Fed 1 77.150 77.150 77.150 109.07 0.000
Error 17 12.025 12.025 0.707
Total 18 89.175
S = 0.841048 R-Sq = 86.52% R-Sq(adj) = 85.72%
13 WPI
Factor Type Levels Values
Membrane Fed fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Membrane Fed 1 44.205 44.205 44.205 641.74 0.000
Error 16 1.102 1.102 0.069
Total 17 45.307
S = 0.262457 R-Sq = 97.57% R-Sq(adj) = 97.42%
15 WPI
Factor Type Levels Values
Membrane Fed fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Membrane Fed 1 78.275 78.275 78.275 162.70 0.000
Error 11 5.292 5.292 0.481
Total 12 83.567
S = 0.693619 R-Sq = 9 3 . 67% R-Sq(adj) = 93.09%
11.0 Titres recovered from Recombinant 34 inoculated ticks compared to 
Recombinant 34 membrane fed ticks at each time point
General Linear Model: Titre versus Sex of Tick, No. Weeks, Feeding Isolate 
2 WPI
Factor Type Levels Values
Membrane Fed fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests
P
0 . 0 0 0
Source DF Seq SS Adj SS Adj MS F
Membrane Fed 1 9.5598 9.5598 9.5598 18.65
Error 22 11.2800 11.2800 0.5127
Total 23 20.8398
S = 0.716048 R-■Sq = 45 . :87% R-Sq(adj) = 43.41%
8 WPI
Factor Type Levels Values
Membrane Fed fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Membrane Fed 1 36.300 36.300 36.300 124.18 0.000
Error 13 3.800 3.800 0.292
Total 14 40.100
S = 0.540655 R-Sq = 90.52% R-Sq(adj) = 89.79%
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13 WPI
Factor Type Levels Values
Membrane Fed fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Membrane Fed 1 28.694 28.694 28.694 18.83 0.000
Error 22 33.521 33.521 1.524
Total 23 62.214
S = 1.23437 R-Sq = 46.12% R-Sq(adj) = 43.67%
15 WPI
Factor Type Levels Values
Membrane Fed fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests 
Source DF Seq SS Adj SS Adj MS F P
Membrane Fed 1 14.259 14.259 14.259 9.58 0.011
Error 10 14.881 14.881 1.488
Total 11 29.141
S = 1.21989 R-Sq = 48.93% R-Sq(adj) = 43.83%
12.0 Titres recovered from ticks membrane fed Recombinant 34 diluted in whole 
or sonicated blood at each time point
General Linear Model, Titre versus Whole Blood or Sonicated
2 WPI
Factor Type Levels Values
Whole Blood or Son fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests
Source DF
If E=MF, Whole Blood or Son 1 
Error 27
Total 28
S = 0.663828 R-Sq = 71.80%
Seq SS 
30.295 
11.898 
42.193
Adj SS 
30.295 
11.898
Adj MS 
30.295 
0.441
R-Sq(adj) = 70.76%
F
68.75
P
0 . 0 0 0
8 WPI
Factor Type Levels Values
If E=MF, Whole Blood or Son fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests
Source
If E=MF, Whole Blood or Son
Error
Total
S = 0.464660 R-Sq = 5.73%
DF
1
11
12
Seq SS 
0.1442 
2 .3750 
2 .5192
Adj SS 
0.1442 
2 . 3 7 5 0
R-Sq(adj) = 0.00%
Adj MS 
0.1442 
0.2159
F
0.67
P
0.431
13 WPI
Factor Type Levels Values
If E=MF, Whole Blood or Son fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests
Source
If E=MF, Whole Blood or Son
Error
Total
S = 1.20961 R-Sq = 50.17%
DF
1
22
23
Seq SS 
32.411 
32.189 
6 4 . 6 0 0
Adj SS 
32.411 
32.189
Adj MS 
32 .411 
1.463
22
F
15
P
0 . 0 0 0
R-Sq(adj) = 47.91%
15 WPI
Factor Type Levels Values
If E=MF, Whole Blood or Son fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests
Source
If E=MF, Whole Blood or Son
Error
Total
S = 1.16355 R-Sq = 14.60%
DF
1
13
14
Seq SS 
3 . 0 0 8  
17.600 
2 0 . 6 0 8
Adj SS 
3.008 
17.600
R-Sq(adj) = 8.03%
Adj MS 
3.008 
1.354
F
2 . 2 2
P
0.160
-240-
23 WPI
Factor Type Levels Values
If E=MF, Whole Blood or Son fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests
Source DF Seg SS Adj SS Adj MS F P
If E=MF, Whole Blood or Son 1 24.972 24.972 24.972 54.81 0.000
Error 16 7.289 7.289 0.456
Total ’ 17 32.261
S = 0.674969 R-Sq = 77.41% R-Sq(adj) = 75.99%
28 WPI
Factor Type Levels Values
If E=MF, Whole Blood or Son fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests
Source DF Seq SS Adj SS Adj MS F P
If E=MF, Whole Blood or Son 1 7.5856 7.5856 7.5856 8.31 0.015
Error 11 10.0417 10.0417 0.9129
Total 12 17.6273
S = 0.955447 R-Sq = 43.03% R-Sq(adj) = 37.85%
40 WPI
Factor Type Levels Values
If E=MF, Whole Blood or Son fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests
Source DF Seq SS Adj SS Adj MS F P
If E=MF, Whole Blood or Son 1 2.6786 2.6786 2.6786 17.86 0.008
Error 5 0.7500 0.7500 0.1500
Total 6 3.4286
S = 0.387298 R-Sq = 78.13% R-Sq(adj) = 73.75%
13.0 Titres recovered from ticks membrane fed NH/P68 diluted in whole or 
sonicated blood
General Linear Model: Titre versus Sex of Tick, No. Weeks, If E=MF, Whole blood v 
sonicated
Factor Type Levels Values
Sex of Tick fixed 3 1, 2, 3
No. Weeks fixed 8 1, 2, 3, 4, 5, 6, 7, 8
If E=MF, Whole Blood or Son fixed 2 1, 2
Analysis of Variance for Titre, using Adjusted SS for Tests
Source DF Seq SS Adj SS Adj MS F P
Sex of Tick 2 0.8382 0.5859 0.2930 0.80 0.455
No. Weeks 7 14.7790 14.5327 2.0761 5.65 0.000
If E=MF, Whole Blood or Son 1 1.1492 1.1492 1.1492 3.13 0.082
Error 61 22.4088 22.4088 0.3674
Total 71 39.1753
S = 0.606101 R-Sq = 42.80% R-Sq(adj) = 33.42%
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